A262  749 


Technical  Report  1574 
September  1992 

Boron  Carbide 
Aluminum  Cermets 
for  External  Pressure 
Housing  Applications 


J.  D.  Stachiw 
NCCOSC,  RDT&E  Division 

A.  Pyzik 
D.  Carroll 
A.  Prunier 

Dow  Chemical  Company 
T.  Allen 

Allied  Technical  Services 


Authorized  for  public  release;  distribution  Is  unlimited. 


93-07220 

■iiiiiiiiiiiiinniiiMri 


Technical  Report  1574 

September  1992 


Boron  Carbide  Aluminum 
Cermets  for  External  Pressure 
Housing  Applications 


J.  D.  Stachiw 
NCCOSC  RDT&E  Division 

A.  Pyzik 
D.  Carroll 
A.  Prunier 

Dov'  Chemical  Company 
T.  Allen 

Allied  Technical  Services 


NAVAL  COMMAND,  CONTROL  AND 
OCEAN  SURVEILLANCE  CENTER 
RDT&E  DIVISION 

_ San  Diego,  California  92152-5000 _ 

J.  D.  FONTANA.  CAPT.  USN  R.  T,  SHEARER 

Commanding  Officer  Executive  Director 


ADMINISTRATIVE  INFORMATION 

This  work  was  performed  during  FY  1991  under  project  RV36121,  managed 
by  Naval  Command,  Control  and  Ocean  Surveillance  Center  (NCCOSC)  RDT&E 
Division  under  the  Independent  Exploratory  Development  (LED)  Program.  The  work 
was  funded  under  program  element  0602936N  and  contract  N66857-91-C-1034  and 
was  performed  by  personnel  from  NCCOSC  RDT&E  Division,  Dow  Chemical 
Company,  and  Allied  Technical  Services. 


Released  under  authority  of 
N.  B.  Estabrook,  Head 
Ocean  Engineering  Division 


JA 


EXECUTIVE  SUMMARY 


OBJECTIVE 

A  program  was  initiated  by  the  Naval  Command,  Control  and  Ocean  Surveillance 
Center  for  the  development  of  processing  techniques  to  fabricate  large  B«C/A1  cylinders 
and  hemispheres.  The  overall  objective  of  this  program  was  to  fabricate  and  test  B4C/Ai 
parts  representative  of  typical  pressure  housing  configurations.  The  objective  of  the  first 
stage  of  this  program  was  to  (1)  select  a  B4C/AI  composition  and  a  processing  methodol¬ 
ogy  to  obtain  materials  with  the  required  combination  of  compressive  strength,  stiffness, 
flexure  strength  and  toughness,  (2)  demonstrate  the  feasibility  of  manufacturing  never 
before  fabricated  6-inch-diameter  by  9-inch-long  cylinders  out  of  B4C/AI,  and  (3)  and 
qualify  those  cylinders  for  service  as  deep  submergence  pressure  housings. 

RESULTS 

The  pressure  housing  tests  of  B4C/AI  ceramic  composites  showed  that  the  compressive 
strength  of  this  material  in  the  form  of  6-inch-diameter  cylinders  was  in  excess  of 
300  kpsi.  The  B4C/AI  composite  monocoque  cylinders  with  i/Do  =  0.0345,  L/Do  =  1-49. 
and  0.36  weight  to  displacement  ratio  fabricated  by  Dow  Chemical  Company  have  been 
found  to  be  acceptable  for  external  pressure  service  to  9000  psi  with  a  SF  =  1.5  when  the 
ends  are  radially  supported  by  ceramic  composite,  or  titanium  hemispheres. 

CONCLUSION 

B4C/AI  composite  material  is  an  excellent  choice  for  construction  of  external  pressure 
housings  in  deep  submergence  underwater  vehicles.  The  payload  capacity  of  B4C/Ai 
housings  for  9000  psi  service  pressure  surpasses  that  of  titanium  housings  with  the  same 
service  pressure  rating  by  a  factor  of  five. 

RECOMMENDATION 

The  development  of  fabrication  procedures  for  B4C/AI  cylinders  should  be  continued 
until  the  fabrication  technology  has  been  sufficiently  developed  tc  permit  successful 
fabrication  of  cylinders  and  matching  hemispheres  with  diameters  in  excess  of  20  inches. 
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1.0  INTRODUCTION 


Autonomous  and  remotely  controlled  underwater  vehicles  require  external  pressure 
housings  with  low  weight  to  displacement  ratios  so  that  the  buoyancy  provided  by  these 
housings  can  maximize  the  payload  carrying  ability  of  these  vehicles.  Plastic  reintorced 
with  a  continuous  graphite  fiber  and  monolithic  94%  alumina  ceramic  have  been  success¬ 
fully  applied  to  the  construction  of  external  pressure  housings  for  20,000  feet  design 
depth  with  0.5  weight/displacement  ratio  (reference  1).  Both  materials  satisfy  only  the 
minimum  requirements  of  the  deep  submergence  vehicles,  so  a  search  was  made  for  new 
materials  which  would  have  improved  their  performances. 

B4C/AI  composites,  having  a  lower  density  than  AljOj  and  a  higher  compressive 
strength  than  reinforced  plastics,  seemed  to  be  a  good  candidate  material  for  this  applica¬ 
tion.  Since  less  information  is  available  on  the  processing  and  properties  of  B4C/AI  com¬ 
posites  than  on  AI2O3,  a  program  was  initiated  by  the  Naval  Command.  Control,  and 
Ocean  Surveillance  Center  for  the  development  of  processing  techniques  to  fabricate  large 
B4C/AI  cylinders  and  hemispheres.  The  overall  objective  of  this  program  was  to  fabricate 
and  test  B4C/AI  parts  representative  of  typical  pressure  housing  configurations.  The  objec¬ 
tive  of  the  first  stage  of  this  program  was  to  (1)  select  a  B4C/AI  composition  and  a  proc¬ 
essing  methodology  to  obtain  materials  with  the  required  combination  of  compressive 
strength,  stiffness,  flexure  strength  and  toughness,  (2)  demonstrate  the  feasibility  of 
manufacturing  never  before  fabricated  6  inch  diameter  by  5  inch  long  and  6  inch  diameter 
by  9  inch  long  cylinders  out  of  B4C/AI,  and  (3)  successfully  pressure  test  those  parts  in 
NOSC  laboratories. 


2.0  EXPERIMENTAL 


2.1  MATERIALS 

Two  B4C  powders,  ESK  1500  and  ESK  1500  S  were  used  in  this  work.  ESK  1500  has  a 
1.34  weight  %  oxygen,  0.30  wt.  %  nitrogen  and  20.71  wt.  %  carbon  content.  The  main 
impurities  are  760  ppm  of  Si,  420  ppm  of  Fe,  307  ppm  of  Ca  and  300  ppm  of  Ti.  The 
average  particle  size  is  about  3  pm  with  a  surface  area  of  8.9  m^/g.  The  ESK  1500  S 
contains  0.67  wt.  %  oxygen,  0.04  wt.%  nitrogen  and  21.27  wt.  %  carbon.  The  major 
impurities  were  150  ppm  of  Si,  250  ppm  of  Fe  and  75  ppm  of  Ti.  The  average  particle 
size  is  3.8  pm  and  the  surface  area  is  6.84  m^/g.  Porous  B4C  preforms  were  made  from 
the  two  grades  of  ESK  powder  and  filled  with  1145  aluminum  alloy  that  contained 
0.55  wt.  %  Si-t-Fe,  0.05  wt.  %  Cu  and  0.05  wt.  %  Mn. 

2.2  SAMPLES  PREPARATION 

In  order  to  prepare  boron  carbide  preforms,  boron  carbide  powders  were  dispersed  in 
distilled  water.  The  suspensions  were  ultrascnically  agitated.  pH  adjusted  using  NILOH, 
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aged,  and  cast  into  4x4  inch  forms  on  a  plaster  of  Paris  mold.  The  ITC  blocks  were 
dried  and  then  baked  for  30  minutes  at  temperatures  from  1000“C  to  1750°C  or  sintered 
above  2000°C.  The  baking  treatment  at  1000®C  to  1750°C  resulted  in  preforms  with  the 
same  density,  but  different  surface  characteristics.  Sintering  above  2000”C  resulted  i 
boron  carbide  with  similar  surface  characteristics,  but  with  different  density  (ranging 
from  52-85  %).  The  infiltration  of  porous  boron  carbide  blocks  was  conducted  under 
100  millitorr  vacuum  at  IISO^’C  for  1  hour  45  minutes.  The  procedure  for  preparing  the 
boron  carbide  cylinders  is  described  in  section  4.0. 

2.3  CHARACTERIZATION  AND  TESTING 

The  area  of  the  aluminum  melting  endotherm  in  a  high  temperature  DSC  scan  was 
used  as  a  measure  of  the  reactivity  between  B4C  and  A1  at  temperatures  between  1000®C 
and  1750°C.  The  data  was  collected  using  a  Perkin-Elmer  DT.A  1700  interfaced  to  a 
computer.  The  samples  were  heated  in  alumina  crucibles  at  about  20°C/min  under  high 
purity  argon  flowing  at  40  cc/min.  A  high  purity  aluminum  sample  (>99.9990y  pure)  was 
used  as  a  standard.  The  percent  aluminum  metal  was  given  by  A/B  x  100,  w  here  A  is  the 
peak  area  in  cal/g  of  the  A1  melt  endotherm  in  the  sample  and  B  is  the  same  for  the  A! 
standard.  The  precision  and  accuracy  of  this  method  was  about  2  percent.  The  applicabil¬ 
ity  of  DSC  for  determination  of  the  free  metal  content  was  verified  by  performing  stereol- 
ogy  measurements  on  backscattered  electron  images  of  the  microstruciure.  The  results 
showed  less  than  a  2%  difference  between  methods. 

Crystalline  phases  were  identified  by  x-ray  diffraction  with  a  Philips  diffractometer 
using  CuKa  mdiation  and  a  scan  rate  of  2®  per  minute.  The  chemistry  of  all  phases  w^as 
determined  from  electron  microprobe  analysis  of  polished  cross-sections  using  a 
CAMECA  CAMEBAX  electron  probe.  The  accuracy  in  the  determination  of  elemental 
composition  was  better  than  3%  of  the  amount  present. 

The  broken  pieces  from  4-point  bend  testing  were  used  to  measure  the  density  in  an 
Autopycnometer  1320  (Micromeritics  Corp.)  with  an  accuracy  of  0.01  g/cm^. 

Samples  for  transmission  electron  microscopy  (TEM)  were  prepared  in  the  following 
manner;  3  mm  diameter  x  1  mm  thick  discs,  cut  with  an  ultrasonic  disc  cutter,  were 
thinned  to  100  jxm  with  diamond  grinding  plates  and  then  polished  on  each  side  with 
diamond  to  a  1  pm  finish.  Dimpling  with  1  pm  diamond  reduced  the  thickness  to  15  pm. 
The  final  thin  section  was  obtained  by  Ar  ion/atom  milling  from  both  sides  using  a  liquid 
nitrogen  cooled  stage,  5  keV  and  2-3  miiliampere  current. 

The  bulk  hardness  was  measured  on  surfaces  polished  successively  with  45,  30,  15,  6 
and  1  pm  diamond  paste  and  finally  finished  using  a  colloidal  silica  suspension  on  a 
LECO  automatic  polisher. 

Fracture  toughness  was  measured  using  the  Chevron  notched  bend  beam  technique 
with  4  x  3  X  45  mm  samples.  The  notch  was  produced  with  a  250  pm  wide  diamond 
blade;  the  notch  depth  to  sample  height  ratio  was  0.42.  The  Chevron  notched  specimens 


were  fractured  in  3-point  bending  using  a  displacement  rate  of  1  pm/minute.  All  speci¬ 
mens  exhibited  stable  crack  growth  throughout  the  fracture  experiment.  An  average  of 
5  to  7  measurements  were  reported.  The  fracture  toughnesses  were  calculated  using  the 
method  developed  by  Shang-Xian  (reference  2). 

The  flexure  strengths  of  the  B4C-AI  composites  were  measured  in  four-point  bending 
using  the  ASTM  method  Cl  161  for  measuring  flexure  strengths  of  advanced  ceramic 
materials  at  ambient  temperatures.  The  specimen  size  was  3  x  4  x  45  mm.  Flexure 
strength  was  determined  from  an  average  of  8  to  10  measurements.  The  upper  and  lower 
span  dimensions  were  20  and  40  mm,  respectively.  The  specimens  were  broken  using  a 
crosshead  speed  of  0.5  mm/min. 

Elastic  modulus  of  the  B4C/AI  composites  was  evaluated  using  the  pulse-echo  method 
which  determined  the  velocity  of  an  ultrasonic  wave  traveling  through  the  material.  This 
technique  uses  a  single  ultrasonic  transducer  wnich  acts  as  both  the  transmitter  and 
receiver  of  an  ultrasonic  pulse.  Short  bursts  of  ultrasonic  energy  are  introduced  into  a  test 
specimen  (-3  x  4  x  20  mm  in  size).  The  time  for  the  pulse  to  travel  through  the  speci¬ 
men  and  reflect  back  to  the  transducer  is  measured.  This  measurement  along  with  speci¬ 
men  density  and  dimensions  are  used  to  calculate  the  elastic  modulus. 

The  uniaxial  compressive  strength  of  the  B4C/AI  materials  w'ere  measured  following 
the  technique  developed  at  the  Army  Materials  Testing  Lab  (reference  3).  The  compres¬ 
sive  strength  specimen  was  placed  between  WC  load  blocks  which  were  attached  to  two 
loading  platens.  The  loading  platens  were  parallel  to  within  less  than  0.0004  inch.  The 
compressive  specimens  were  loaded  to  failure  using  a  crosshead  speed  of  0.02  in/min. 
The  compressive  strength  was  calculated  by  dividing  the  peak  load  at  failure  by  the  cross- 
sectional  area  of  the  specimen. 

In  order  to  characterize  the  ability  of  the  B4C-AI  materials  to  resist  cyclic  load  condi¬ 
tions,  a  stepped-stress  cyclic  fatigue  test  was  utilized.  This  test  was  developed  as  a  quick 
screening  method  to  rank  the  compressive  cyclic  fatigue  properties  of  the  boron  carbide 
aluminum  materials.  In  this  test,  B4C/AI  specimens  approximately  1 /4-inch  diameter  by 
3/4-inch  long  were  cycled  at  0.2  Hz  between  a  minimum  (Umin)  and  maximum  (a^ax) 
compressive  stress  of  15  and  150  ksi,  respectively.  If  the  specimen  survived  200  cycles 
under  this  condition,  ffmin  and  Omax  were  increased  to  20  and  200  ksi,  respectively  and  the 
test  continued  for  another  200  cycles.  If  the  specimen  survived  this  condition,  ctmin  and 
oinax  were  increased  a  third  time  to  25  and  250  ksi,  respectively.  This  loading  condition 
was  kept  constant  until  specimen  failure  or  a  total  of  600  more  cycles  was  reached.  If  the 
specimens  survived  without  failure  after  600  cycles,  the  test  was  stopped  and  the  speci¬ 
men  unloaded.  The  results  were  plotted  in  terms  of  the  maximum  applied  compressive 
stress  (<7jnax)  vcrsus  the  total  number  of  cycles  the  specimen  survived  during  the  test. 

Machined  cylinders  were  inspected  for  internal  defects  by  x-ray  transmission  with  an 
IRT  HOMX-161,  s/n  155  equipped  with  a  micro-focus  x-ray  tube  (tungsten  anode)  oper¬ 
ated  with  a  five  micron  focal  spot.  The  system  was  equipped  with  both  a  film  cassette  for 
film  radiography  and  an  IRT  ADR550  system  for  digital  image  generation.  The  digital 
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images  were  obtained  through  a  Precise  Optics  image  intensifier  and  Videospection  plum- 
bicon  diode  camera. 


3.0  SELECTION  OF  A  B4C/AI  COMPOSITION  FOR 
PRESSURE  HOUSING  APPLICATION 


B4C/AI  represents  a  rather  complex  family  of  materials  ranging  from  cermets  to 
ceramics.  Depending  on  the  processing  methodology  several  B4C/AI  composites  with  dif¬ 
ferent  combinations  of  properties  and  microstructures  can  be  produced.  Therefore,  to 
select  a  material  optimized  for  the  pressure  housing  application,  the  evaluation  of  various 
B4C/AI  materials  was  conducted.  The  main  evaluation  criteria  were  based  on  the  chemis¬ 
try,  microstructure,  properties  and  processability.  The  optimization  was  done  mainly 
through  adjusting  boron  carbide  content  (from  50  to  80  volume  %)  and  through  changing 
the  boron  carbide  heat-treatment. 

3.1  CHEMISTRY  AND  MICROSTRUCTURES  OF  THE  B4C/AI  SYSTEM 

The  processing  methodology  applied  in  this  work  is  based  on  the  infiltration  method 
where  a  porous  boron  carbide  preform  is  infiltrated  at  about  1200“C  with  liquid  alumi¬ 
num  (reference  4).  The  larger  the  part,  the  longer  the  infiltration  time.  Therefore,  the 
issue  of  chemical  compatibility  and  the  recognition  of  the  type  of  phases  forming  during 
infiltration  becomes  essential  for  tailoring  the  material  properties. 

The  main  part  of  the  fabrication  process  before  infiltration  is  the  preparation  of  B^C 
preform.  The  heat-treatment  or  baking  of  boron  carbide  is  critical  to  control  connectivity 
of  B4C  grains,  shrinkage  of  the  preform  and  its  chemical  reactivity  with  molten  Al.  These 
properties  change  as  a  function  of  baking  temperature.  At  baking  temperatures  below 
1300‘’C,  the  B4C  preforms  have  a  similar  microstructure  to  non-treated  greenware.  No 
shrinkage  in  the  preform  is  observed  and  the  grains  do  not  develop  strong  necking.  The 
preforms  consist  of  grains  having  a  bimodal  distribution  with  about  50  %  large  and  50 
small  crystals.  At  higher  baking  temperatures,  the  small  B4C  grains  disappear  as  the 
structure  coarsens  and  the  weak  necks  between  grains  develop.  Above  IbOO^C,  shrinkage 
in  the  preform  becomes  noticeable,  but  is  not  significant.  Above  1800°C  sintering  occurs 
and  changes  in  the  part  dimensions  are  significant. 

The  surface  characterization  (by  ESCA)  of  boron  carbide  powders  baked  above 
1300®C  has  shown  an  increase  in  the  total  carbon  content  as  a  function  of  increasing 
temperature.  This  carbon  is  not  bonded  to  boron  and  is  not  in  the  form  of  graphite.  Since 
B4C  is  described  as  B12  icosahedral  clusters  with  C-C-C  intercosahedral  chains,  this 
increase  could  represent  a  change  in  the  chernistry  of  the  boron  carbide.  The  depth  of  the 
ESCA  beam  into  the  surface  is  only  about  50A.  Further  analysis  of  the  B^C  powders  using 
TEM  (beam  depth  of  200  A)  has  indicated  that  below  this  carbon-rich  layer,  the  B/C  ratio 
actually  increases  with  bake  temperature.  The  richer  carbon  surface  with  respect  to  the 
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deficient  carbon  underlayer  suggests  the  preferential  diffusion  of  carbon  towards  the  sur¬ 
face  during  baking.  However,  the  exact  mechanism  for  the  carbon-rich  layer  formation  is 
unknown  at  this  time.  It  is  known  that  boron  carbide  has  a  broad  solubility  range  for  C 
which  ranges  from  9  to  21  atomic  %.  Therefore,  even  though  the  diffraction  pattern  does 
not  change,  this  formation  of  a  boron  carbide  surface  layer  with  a  modified  chemistry  is 
possible. 

The  significance  of  this  surface  change  in  boron  carbide  during  baking  is  very  impor¬ 
tant  since  it  influences  chemical  compatibility  of  the  carbide  with  aluminum.  In  greenware 
samples  which  were  treated  below  ISOO^C,  the  B4C  is  chemically  unstable  with  aluminum 
at  infiltration  temperatures,  reacting  to  form  several  B-C-Al  ter  ary  and  binary  phases. 
Even  though  at  least  nine  ternary  and  binary  phases  have  been  reported  for  the  B-C--A1 
system  only  the  four  shown  in  figure  1  were  found  to  form  in  significant  quantities  and 
affect  properties.  After  infiltration  is  completed,  the  amount  of  residual  metallic  alumi¬ 
num  is  typically  below  5-6%,  as  shown  in  figure  2.  As  the  bake  temperature  is  increased 
above  1300®C,  the  kinetics  of  the  reactions  between  B4C  and  AI  decreases.  This  transition 
in  the  reaction  kinetics  ends  at  IbOO^C  after  which  B4C  becomes  chemically  stable  and 
does  not  react  extensively  with  the  molten  aluminum  during  infiltration.  This  chemical 
stability  is  maintained  even  after  prolonged  infiltration  times.  The  amount  of  B-C-Al 
phases  formed  in  the  materials  is  typically  less  than  10  vol.%.  These  observ’ations 
correlate  well  with  theoretical  densities  measured  for  B4C/AI  composites.  The  density 
for  highly  reacted  B4C/AI  cermets  (bake  temperatures  <1300°C)  ranges  from  2.66  to 
2.63  g/cc.  As  the  bake  temperature  increases  to  >1600®C,  the  density  decreases  to 
2.57  g/cc  as  the  B4C  becomes  stable  with  molten  aluminum  (figure  3).  The  similar  corre¬ 
lation  as  for  baking  temperature  and  density  is  observed  for  hardness  of  B4C/AI  compos¬ 
ites.  Figure  4  shows  that  as  the  amount  of  reaction  phases  in  the  B4C/AI  composite 
decreases  a  corresponding  decrease  is  observed  in  the  hardness. 

The  microstructural  differences  between  B4C/AI  materials  processed  at  different  bak¬ 
ing  temperatures  are  illustrated  on  microphotographs  presented  in  figures  5  and  6.  The 
composites  baked  at  and  below  1300'’C  have  boron  carbide  grains  isolated  by  a  matrix 
consisting  of  reaction  phases  of  A1B2  and  AI4BC  which  form  large  patches  approaching 
30  to  50  pm  in  size.  The  B4C  grains  have  bimodal  distributions  with  an  approximate  ratio 
of  small  to  large  grains  of  about  1:1.  At  bake  temperatures  of  1600°C  and  1750°C,  the 
boron  carbide  forms  into  agglomerated  pockets  of  sintered  grains.  Generally,  there  is  an 
absence  of  small  B4C  grains.  These  pockets,  however,  do  not  form  a  well  developed 
network  as  observed  in  material  baked  above  ISOO^C.  The  reaction  products  (<10  vcl.%), 
AIB2  and  AI4BC  are  uniformly  distributed  throughout  the  aluminum  matrix.  AUC3,  which 
is  not  detectable  below  bake  temperatures  of  ISOO^C,  is  now  present  in  the  trace 
amounts.  The  phase  chemistries  of  B4C/AI  composites  prepared  from  green  (no  bake), 
1300''C,  1600®C,  and  1750°C  baked  boron  carbide  preforms  are  shown  in  table  1. 
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Figure  1.  Major  ceramic  phases  in  the  B4C/Ai  system 
(in  weight  Cc). 
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Figure  2.  DSC  scan  of  B4C/AI  prepared  from  boron  carbide  baked 
at  different  temperatures. 
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Figure  3.  Theoretical  density  of  B4C/AI  composites  as 
a  function  of  boron  carbide  bake  temperature. 
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Figure  4.  Hardness  of  B4C/AI  composites  as  a  function 
of  boron  carbide  bake  temperature. 
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Figure  6.  Microstructure  of  B4C/AI  composites  fabiicated  from  nonbaked  and  baked  at 
1300°C,  1600°C,  and  ITSO’C  boron  carbide  (magnification  5000x). 


Table  1.  Phase  chemistry  of  B4C/AI  composites  as  a  function  of  baking 
temperature  (by  stereology). 


Composition 

20‘’C 

Baking  temperature 
1300“C  IbOO'C 

nso'C 

B4C* 

55.2 

60.8 

66.0 

66.4 

A1 

1.8 

3.6 

26.9 

23.9 

AIB2 

20.0 

17.0 

2.4 

4.6 

AI4BC 

23.0 

18.6 

4.7 

4.1 

AI4C3 

0 

0 

trace 

1.0 

•B4C  in  this  table  represents  mixture  of  B4C  and  AIB24C4 


The  B4C/AI  materials  processed  at  temperatures  below  the  transition  temperature 
(1300"C)  are  chemically  similar  to  ceramics  (little  free  AJ  metal).  The  B4C/AI  materials 
processed  with  boron  carbide  baked  above  this  temperature  have  characteristics  of  cer¬ 
mets  with  boron  carbide  and  aluminum  being  the  primary  phases.  By  adjusting  initial  B4C 
to  A1  ratio  and  by  changing  the  processing  conditions,  the  properties  of  the  B4C/AI  cer¬ 
mets  can  be  tailored  for  specific  applications.  In  the  next  section,  the  properties  of  B4C/AI 
composites  as  a  function  of  boron  carbide  content  and  bake  temperatures  are  discussed. 

3.2  MECHANICAL  PROPERTIES  OF  B4C/AI  COMPOSITES 

3.2.1  Compressive  Strength 

The  effect  of  initial  B4C  content  on  the  compressive  strengths  of  materials  baked  at 
different  temperatures  is  shown  in  figure  7.  The  general  trends  indicate  that  higher  initial 
boron  carbide  contents  increase  the  overall  compressive  strength  of  the  material.  This 
result  is  expected  since  pure  boron  carbide  has  about  an  800  ksi  compressive  strength 
(reference  3).  Comparing  the  effect  of  bake  temperature  on  compressive  strength,  the 
materials  baked  at  1750  and  2200®C  had  a  lower  strength  than  the  green  material  (no 
bake).  The  lower  compressive  strength  was  attributed  to  the  relatively  high  fraction  of 
unreacted  aluminum  metal  in  tliese  materials.  Aluminum  metal  has  a  much  lower 
compressive  strength  (yield  strength)  than  boron  carbide.  For  the  green  material,  the 
compressive  strength  is  higher  because,  during  infiltration,  the  aluminum  metal  reacts  to 
form  non-metallic  phases  which  have  a  higher  compressive  strength  than  aluminum. 

Comparing  the  compressive  strength  results  between  the  green  (no  bake)  and  the 
1300®C  baked  materials,  the  compressive  strength  of  the  green  material  was  found  to  be 
much  more  dependent  on  the  initial  boron  carbide  content.  The  compressive  strength  of 
the  green  material  increased  linearly  from  approximately  200  ksi  to  650  ksi  for  boron 
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Figure  7.  Effect  of  bake  temperature  and  boron  carbide 
content  on  B4C/AI  compressive  strength. 

carbide  contents  ranging  from  50  to  78%.  The  1300“C  baked  material,  on  the  other  hand, 
was  found  to  exhibit  a  slightly  different  behavior.  The  compressive  strength  increased 
with  boron  carbide  content  up  to  approximately  70%  whereupon  the  strength  became 
relatively  independent  of  the  initial  boron  carbide  content.  This  trend  suggests  that  the 
1300®C  bake  temperature  makes  the  compressive  strength  of  the  B4C-AI  material  less 
sensitive  to  initial  boron  carbide  content.  The  cause  of  the  large  degree  of  scatter  in  some 
of  the  measurements  is  unknowm  at  this  time.  To  the  most  part,  the  compressive  strength 
of  the  1300®C  baked  material  is  comparable  to  the  green  material  for  boron  carbide 
contents  less  than  70%.  However,  an  unexpected  result  was  obser\ed  in  the  60%  boron 
carbide  material.  This  composite  was  found  to  exhibit  compressive  strengths  much  higher 
than  expected.  The  microstructural  examination  has  indicated  the  presence  of  large 
amounts  of  AIB2  and  AI4BC.  The  microstructure  of  78%  boron  carbide  material  showed 
an  absence  of  AI4BC  phase  which  is  commonly  observed  in  this  heat-treated  material. 
Further  work  is  required  to  understand  the  relationship  between  the  B-C-Al  intermetallic 
phases  and  compressive  strength. 

3.2.2  Elastic  Modulus 

Results  for  the  green,  1300"C,  1750‘’C,  and  2200®C  baked  materials  are  summarized 
in  figure  8.  As  the  initial  B4C  content  is  increased,  the  elastic  modulus  for  the  B4C/AI 
composites  also  increases.  This  result  is  expected  because  the  elastic  modulus  of  pure 
B4C  is  approximately  450  GPa  (reference  5).  Comparing  the  different  bake  temperatures, 
it  is  apparent  that  the  elastic  modulus  of  the  green  and  1300®C  baked  materials  are  very 
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Figure  8.  Effect  of  bake  temperature  and  initial  boron 
carbide  content  on  the  elastic  moduli  of  B4C/AI  composites. 


similar.  The  elastic  moduli  of  these  materials  are  also  higher  than  the  1750®C  or  2200®C 
baked  cases.  Even  though  the  1750®C  and  2200®C  materials  were  not  evaluatedover  the 
same  initial  boron  carbide  contents,  the  elastic  modulus  results  suggest  that  these  materi¬ 
als  have  similar  responses.  The  differences  in  elastic  moduli  in  the  materials  bake  below 
1300°C  and  above  I750®C  can  be  attributed  to  microstructure.  The  materials  baked 
above  1750*’C  contain  approximately  -23  to  24  vol.%  free  aluminum  metal  (see  figure  3). 
In  comparison,  the  green  and  1300‘’C  baked  materials  have  very  little  free  aluminum 
metal  (-<  6  vol.%)  and  are  comprised  mainly  of  B4C  and  non-metallic  phases  of  B,  C,  and 
Al.  These  non-metallic  phases  have  a  higher  elastic  modulus  than  free  aluminum  metal. 

3.2.3  Fracture  Toughness 

The  results  of  the  fracture  toughness  measurements  are  shown  in  figure  9.  Both  the 
green  and  1300°C  bake  materials  have  very  similar  fracture  toughnesses  throughout  the 
range  of  B4C  contents  investigated.  The  fracture  toughness  for  these  materials  was 
observed  to  decrease  from  -7  MPa  m''^  at  -55%  initial  B4C  content  to  a  constant  value  of 
-5  MPa  m''^  at  80%  initial  B4C  content.  The  materials  baked  at  1750®C  and  2200°C  also 
show  a  decrease  in  fracture  toughness  with  increasing  B«C  content.  However,  the  fracture 
toughness  of  these  materials  is  slightly  higher  than  the  green  or  1300°C  baked  material. 
Ihe  higher  fracture  toughness  is  attributed  to  the  residual  free  aluminum  metal  in  the 
composite.  The  residual  free  aluminum  provides  ductility  which  resists  crack  propagation 
and  increases  the  fracture  toughness  of  the  material.  At  higher  initial  boron  carbide 
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Figure  9.  Effect  of  bake  temperature  and  boron  carbide 
content  on  B4C/AI  fracture  toughness. 


contents,  the  fracture  toughness  decreases  due  to  a  lower  content  of  ductile  aluminum 
metal. 

3.2.4  Flexure  Strength 

The  results  of  these  measurements  on  green,  ISOO^C,  1750'’C  and  2200'’C  baked 
materials  are  shown  in  figures  10a  and  10b.  The  data  has  been  separated  into  two  plots 
for  clarity.  The  flexure  strengths  of  the  green  material  (figure  10a)  decreased  slightly  with 
increasing  boron  carbide  content.  The  ISOO^C  material,  on  the  other  hand,  exhibited 
slightly  more  scattered  strength  measurements,  but  was  found  not  to  vary  strongly  with 
the  initial  boron  carbide  content.  The  reason  for  the  large  degree  of  scatter  in  the  1300®C 
baked  material  is  unknown  at  this  time.  For  the  most  part,  the  differences  in  flexure 
strength  between  the  green  and  1300®C  material  are  small,  particularly  at  initial  boron 
carbide  contents  ->68%.  The  materials  baked  at  1750®C  and  2200°C  exhibited  a  stronger 
dependence  on  the  initial  boron  carbide  content  (figure  10b).  The  flexure  strength  of  the 
nsOT  baked  material  appears  to  increase  to  a  maximum  at  initial  boron  carbide 
contents  of  65-70%.  The  flexure  strengths  of  this  material  at  higher  boron  carbide 
contents  were  not  evaluated  in  this  study.  For  the  2200 °C  baked  case,  the  flexure 
strengths  of  materials  made  with  73  to  83%  boron  carbide  decreased  with  increasing 
boron  carbide  contents.  It  is  interesting  to  note  that  the  strengths  of  the  HSC’C  and 
2200 °C  baked  materials  made  with  70%  boron  carbide  were  very  similar  to  each  other. 
This  result  suggests  that  the  boron  carbide  content  plays  a  major  role  determining  the 
strength  of  these  materials  whereas,  the  baked  temperature  only  has  a  minor  effect. 
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3.2.5  Stepped-Stress  Cyclic  Compression  Tests 

It  is  commonly  known  that  cyclic  loading  in  compression  can  generate  damage  in 
ceramic  materials  which  ultimately  leads  to  time-delayed  failure  at  stresses  lower  than  the 
compressive  strength. 

The  stepped-stress  cyclic  fatigue  results  of  the  B4C/AI  materials  investigated  in  this 
study  are  summarized  in  figures  11a  and  lib.  The  results  for  the  materials  baked  at 
1750°C  and  2200°C  (figure  11a)  indicate  that  the  materials  made  with  higher  boron 
carbide  contents  have  a  better  cyclic  fatigue  resistance.  For  e.xample,  the  1750®C  baked 
specimens  made  with  52%  boron  carbide  were  only  able  to  survive  1  and  2  cycles,  respec¬ 
tively  under  a  CTmax  of  150  ksi.  In  comparison,  the  two  1750°C  baked  specimens  made 
with  70%  boron  carbide,  survived  a  total  of  400  cycles  (200  cycles  at  of  150  ksi  and 
200  cycles  at  Umax  of  200  ksi)  before  failing  at  *230  and  240  ksi,  respectively  during 
loading  to  next  level  of  (Tmax-  A  similar  trend  was  observed  in  the  2200 °C  baked  materi¬ 
als.  The  material  made  with  83%  boron  carbide  exhibited  the  best  resistance  to  cycle 
fatigue.  These  results  also  suggest  that  bake  temperature  has  little  effect  on  the  cyclic 
fatigue  response.  For  example,  both  sets  of  specimens  baked  at  1750  and  2200°C  made 
with  70%  boron  carbide  exhibited  the  same  cyclic  fatigue  resistance.  It  is  clear  from  these 
results  that  the  cyclic  fatigue  resistance  is  strongly  dependent  on  the  boron  carbide  con¬ 
tent  in  the  material.  This  trend  may  be  related  to  the  fact  that  compressive  strength  of  the 
B4C/AI  material  was  also  found  to  increase  with  the  initial  boron  carbide  content  (see 
figure  7). 

The  stepped-stress  cyclic  fatigue  responses  of  the  green  (no  baked)  and  the  ISOO^C 
material  are  shown  in  figure  11b.  These  results  show  a  slight  improvement  in  the  cyclic 
fatigue  resistance  with  increasing  boron  carbide  content.  It  is  unsure  exactly  how  much 
better  the  cyclic  fatigue  resistance  is  for  the  1300®C  baked  materials  made  with  70  to  80% 
boron  carbide  because  the  tests  were  stopped  before  specimen  failure.  Examining  the 
limited  data  on  green  (no  bake)  materials,  the  cyclic  fatigue  resistance  of  green  material 
appears  to  be  similar  to  the  1300®C  baked  materials. 

Comparing  the  results  between  figures  11a  and  11b,  the  green  and  1300°C  baked 
materials  have  better  cyclic  fatigue  resistance  than  the  1750  and  2200“C  baked  materials. 
These  results  correlate  well  with  the  trends  observed  in  the  compressive  strength  measure¬ 
ments  (figure  7).  The  unreacted  aluminum  metal  in  the  1750  and  2200®C  materials  is 
thought  to  be  responsible  for  the  decrease  in  cyclic  fatigue  resistance.  Figures  12a  and 
12b  are  fracture  surfaces  of  the  cyclic  fatigue  specimens  for  ISOO^C  and  1750'’C  baked 
materials  made  with  68%  boron  carbide.  The  fracture  surface  of  the  ISOO^C  specimen 
(figure  12a)  is  characteristic  of  brittle  failure.  On  the  other  hand,  the  1750°C  baked 
specimens  (figure  12b)  contained  pockets  of  aluminum  metal  that  exhibited  ductile  fail¬ 
ure.  It  is  apparent  that  the  loading  capabilities  of  the  1750°C  baked  material  in  compres¬ 
sion  are  reduced  by  the  ductile  flow  of  the  aluminum  metal. 
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Figure  11a.  Effect  of  bake  temperature  and  boron 
carbide  content  on  B4C/AI  cyclic  fatigue. 
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Figure  11b.  Effect  of  bake  temperature  and  boron 
carbide  content  on  B4C/AI  cyclic  fatigue. 
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Figure  12a.  Fracture  surface  of  the  1300®  baked 
B4C/AI  specimen. 


Figure  12b.  Fracture  surface  of  1750®C  baked 
B4C/AI  specimen. 
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3.3  PROCESSING  CAPABILITIES 


In  the  two  previous  sections  we  have  shown  that  boron  carbide  content  and  heat-treat¬ 
ment  temperature  have  profound  effects  on  the  chemistry  and  mechanical  properties  of 
B4C/AI  cermets.  Since  the  processing  of  large  parts  represents  different  problems  than 
making  4x4  inch  test  coupons,  the  processing  feasibility  has  to  be  taken  into  account  in 
selecting  an  optimum  composition  for  pressure  housing.  Perhaps  the  best  candidate  mate¬ 
rial  for  a  pressure  housing  is  green  (non-baked)  boron  carbide.  However,  making  complex 
parts  from  this  type  of  material  is  difficult.  This  is  because  the  preform  does  not  have 
sufficient  structural  integrity  to  be  easily  handled  and  the  infiltration  kinetics  are  slow. 
The  use  of  a  binder  improves  handling  capability;  but,  after  binder  burn-out,  the  preform 
is  fragile  and  susceptible  to  cracking  during  infiltration.  This  problem  becomes  significant 
particularly  for  large  parts.  Therefore,  the  baking  step  is  beneficial.  A  1300®C  baking 
temperature  produces  strong  preforms  with  improved  kinetics  of  liquid  metal  flow  but 
with  chemistry  similar  to  composites  having  green  boron  carbide.  Baking  at  temperatures 
above  1300°C  further  improves  preform  integrity  and  wetability,  but  also  changes  chemis¬ 
try  of  final  B4C/AI  product  in  the  manner  described  in  section  3.1. 

Based  upon  a  compromise  between  the  processibility,  chemistry  and  mechanical  prop¬ 
erties  of  the  boron  carbide-aluminum  system,  the  material  selected  for  further  develop¬ 
ment  into  pressure  housings  was  the  68-69%  B4C  preforms  baked  at  1300'’C  (the 
compressive  strength  data  show,  however,  that  the  60%  B4C  preforms  baked  at  1300“C 
could  be  also  a  good  candidate  material).  A  summary  of  the  mechanical  properties  for 
selected  material  is  listed  in  table  2. 


Table  2.  Summary  of  the  mechanical  properties  of  the 
B4C-AI  material  selected  for  further  development  into 
pressure  housing  applications. 


Initial  Boron  Carbide 
Compressive  Strength  (psi) 
Elastic  Modulus  (psi) 

Flexure  Strength  (psi) 

Fracture  Toughness  (MPa  ) 
Hardness  (kg/mm2) 


Content  68-69% 
490 

46  X  10® 
67,700=^2,260 
5.09  ±0.17 
1,400 
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4.0  CYLINDER  FABRICATION 


4.1  FORMATION  OF  BORON  CARBIDE  PREFORM 

The  slips  (40  volume  %  solids)  were  made  from  a  mixture  of  two  B4C  powders,  ESK 
1500  (30-40  volume  %)  and  ESK  1500  S  (70-60  volume  %).  The  powders  were  gradually 
dispersed  into  high  purity  HO  while  the  pH  was  continually  adjusted  with  NH40H  to 
maintain  a  pH  of  7.0.  Maintaining  proper  pH  is  required  to  avoid  flocculation  which 
results  in  low  green  density.  This  particular  mix  of  powders  will  produce  greenware  with 
densities  of  about  70  %  of  the  theoretical  B4C  density.  The  slip  was  stirred  for  4-5  hours 
and  its  pH  was  adjusted  as  needed.  The  slip  was  then  ball  milled  for  12  hours  with  B4C 
media  and  again  stirred  for  3-4  hours  as  its  pH  was  monitored  and  adjusted. 

USG  No.  1  pottery  plaster  was  used  to  make  cylindrical  molds  with  an  inner  diameter 
slightly  greater  than  the  outer  diameter  of  the  finished  part.  The  five  inch  tall  pressure 
housings  were  cast  using  one  6  inch  high  mold  while  the  9  inch  housing  required  the 
stacking  of  two  plaster  molds  which  were  then  taped  together  with  a  water  resistant  tape. 
In  both  cases  the  bottom  of  the  molds  were  sealed  to  prevent  leaking  of  the  slip.  The 
molds  were  dried  in  a  50°C  oven  for  a  minimum  of  24  hours  before  use. 

The  first  step  in  the  casting  of  the  B4C  cylinders  was  the  degassing  of  the  slip  to 
remove  the  air  that  was  introduced  by  stirring  and  rolling.  Next,  the  mold  was  filled  with 
distilled  water  for  45  seconds  and  then  emptied.  The  slip  was  slowly  poured  into  the 
plaster  mold,  which  had  been  previously  dried  in  50®C  oven  for  a  minimum  of  24  hours. 
Extreme  care  had  to  be  maintained  during  pouring  to  minimize  any  turbulence  that  would 
reintroduce  air  into  the  slip.  As  the  slip  began  casting,  additional  slip  was  poured  into  the 
mold  to  maintain  the  level  of  the  casting.  The  slip  was  allowed  to  cast  from  2-2.5  hours 
depending  upon  the  desired  wall  thickness.  At  the  end  of  the  casting  period,  the  slip  was 
removed  from  the  mold  by  a  small  pump. 

The  mold  and  casting  were  allowed  to  air  dry  until  the  slip  remaining  in  the  bottom  of 
the  mold  had  solidified.  At  this  point,  the  rim  of  the  casting  was  cut  away  from  the  B4C 
which  had  cast  on  the  cardboard  bottom  of  the  mold.  The  card  board  was  then  removed 
and  discarded.  The  mold  and  casting  were  allowed  to  air  dry  until  the  casting  was  dry 
enough  not  to  slump.  The  mold  was  then  carefully  removed  from  the  casting  The  ends  of 
the  casting  were  then  cleaned  by  cutting/scraping  with  a  surgical  scalpel.  The  casting  was 
placed  into  a  low  temperature  drying  oven  for  24  hours  followed  by  an  additional  low 
temperature  vacuum  treatment  for  24  hours.  At  this  point,  the  cylinder  was  ready  for 
further  processing. 

The  process  described  above  was  used  to  produce  two  types  of  cylindrical  parts: 

Type  3  and  3a  Housing  with  specifications  of  a  6-inch 
diameter,  5-inch  length  and  a  wall  thickness  of  0.125  inch 
(Type  3),  or  0.135  inch  (Type  3a).  The  as-cast  dimensions 
were  6.05-6.07  inches,  5. 5-6.5  inches,  and  0.25-0.30  inches. 
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respectively.  See  figure  13  for  the  details  of  the  inner  diame¬ 
ter  geometry. 

Type  1  Housing  with  specifications  of  6.037-inch  diameter, 

9-inch  length  and  a  wall  thickness  of  0.20S  inch.  The  as-cast 
dimensions  were  6.070-6,090  inches,  9.5-10.5  inches,  and 
0.27-0.32  inches,  respectively.  See  figure  14  for  the  detaifs. 

Density  measurements  of  the  cylinders  were  often  difficult  to  obtain  due  to  irregulari¬ 
ties  in  the  cylinders,  especially  at  the  ends.  At  least  si.v  measurements  of  the  inner  and 
outer  diameters  were  taken  along  the  length  of  the  cylinder.  Since  it  was  critically  impor¬ 
tant  to  obtain  an  accurate  density  figure,  small  rectangular  parts  were  cast  from  the  cylin¬ 
der  slips  in  nylon  molds  on  plaster  bases.  The  density  figures  obtained  from  the  cylinder 
and  from  the  rectangular  part  were  averaged  and  used  in  determining  the  amount  of 
aluminum  required  to  fill  the  porosity  in  the  B..C  preform. 

4.2  INFILTRATION 

The  cylinders  were  placed  in  a  low  wall  dish  made  of  a  refractory  material  and  a  layer 
of  aluminum  resistant  material  was  placed  around  the  base  to  confine  the  molten  alumi¬ 
num  near  the  cylinder  bottom.  Pieces  of  high  purity  (1145)  aluminum  cut  from  a  roll  of 
one  inch  wide  extruded  ribbon  were  placed  around  the  cylinder. 

The  assembly  described  above  was  placed  in  a  high  temperature  furnace  and  three 
thermocouples  were  used  to  monitor  the  thermal  environment.  Two  thermocouples  were 
placed  within  the  cylinder  with  one  (A)  located  near  the  top  of  the  cylinder  and  the 
second  (B)  located  near  the  bottom  of  the  cylinder.  The  third  thermocouple  was  placed 
outside  the  filling  assembly.  Then  a  10*5  lorr  vacuum  svas  pulled  on  the  furnace. 

The  furnace  was  heated  slowly  with  the  goal  being  to  keep  the  temperature  difference 
between  thermocouples  (A)  and  (B)  less  than  150  degrees  centigrade.  The  furnace  was 
heated  until  the  lowest  temperature  detected  by  either  of  the  internal  thermocouples  was 
slightly  less  than  IISO^C.  After  a  two  hour  hold  at  maximum  temperature,  the  furnace 
was  cooled  slowly  with  care  taken  to  keep  the  temperature  difference  between  thermocou¬ 
ples  (A)  and  (B)  again  within  ISO'C.  Special  care  was  taken  around  the  melting  point  of 
aluminum  with  a  two  hour  hold  at  100  degrees  above  that  point  and  2  hour  ramp  to 
50  degrees  below  that  point,  followed  by  another  2  hour  hold  with  slow  cooling  to  lOO'C 
after  which  the  furnace  could  be  opened.  The  typical  part  after  infiltration  is  shown  in 
figure  15.  The  residual  aluminum  not  used  during  the  infiltration  is  usually  found  at  the 
bottom  of  the  cylinder  normally  along  the  inner  surface,  but  occasionally  also  along  the 
outer  surface. 
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Figure  15.  B4C/AI  cylinder  after  infiltration. 


4.3  MACHINING 

After  infiltration,  the  outer  surface  of  the  cylinders  are  light  grey  in  color  and  fairly 
rough  in  texture  from  the  lines  and  scratches  in  the  plaster  molds.  The  inner  surfaces  are 
smooth  and  usually  a  much  darker  color.  The  ends  of  the  cylinders  were  usually  fairly 
rough  from  chipping  of  the  greenware.  Wall  thickness  reductions  at  the  top  of  the  casting 
were  the  result  of  not  having  enough  slip  to  maintain  the  initial  casting  level.  Type  2  and 
Type  3  housings  were  machined  in  a  similar  fashion.  The  first  step  in  this  process  was  the 
machining  of  the  outer  diameter.  This  was  done  by  securing  the  cylinder  in  the  holder 
pictured  in  figure  16a  by  tightening  the  nuts  on  either  end  just  enough  to  hold  the  part  so 
that  it  could  be  turned  in  a  lathe.  Diamond  grinding  wheels  were  used  to  grind  away  the 
excess  stock  on  the  outside  of  the  cylinder.  When  the  cylinder’s  outer  diameter  was 
ground  to  the  required  size,  it  was  removed  from  the  holder  and  placed  in  an  aluminum 
holder  (pot)  as  shown  in  figure  16b.  The  aluminum  pot  was  turned  on  the  same  lathe  and 
diamond  wheels  were  used  to  grind  the  excess  stock  from  the  inner  diameter  of  the 
housing.  After  this,  the  length  was  ground  to  the  proper  dimension  and  both  the  inner  and 
outer  diameters  received  a  light  grinding  to  the  prescribed  surface  finish.  Figure  17  shows 
B4C/AI  cylinders  at  different  processing  stages.  The  two  cylinders  in  the  front  received 
final  finish.  The  two  in  the  back  on  left  have  only  a  rough  finish  while  the  cylinder  on  the 
right  has  no  machining  at  all. 
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Threaded  Rod 


Figure  16a.  Fixture  for  grinding  the  external  diameter 
of  the  cast  cylinder. 


Nylon 

Clamps 


Figure  16b.  Fixture  for  grinding  the  internal  diameter  of 
the  cylinder  after  its  external  diameter  has  been  already 
ground  to  net  dimension. 


23 


Figure  17.  Some  of  B4C/AI  cylinders  fabricated  at 
Advanced  Ceramics  Laboratory  of  Dow  Chemical 
Company  during  first  stage  of  NOSC  contract. 


4.4  NDE  CHARACTERIZATION 

Each  cylinder  was  inspected  by  mounting  the  cylinder  on  spacer  blocks  which  held  the 
part  away  from  the  sample  positioning  stage.  The  blocks  contacted  only  the  cylinder  edge 
and  did  not  intrude  inside  the  cylinder  walls.  The  distance  from  the  center  of  the  x-ray 
tube  (focal  spot)  to  the  cylinder  wall  (outside  diameter)  was  544  mm.  When  x-ray  film 
was  used  as  a  detector,  the  distance  from  the  center  of  the  x-ray  tube  to  the  film  was 
549  mm.  If  digital  images  were  generated,  a  512  x  480  pixel  (8  bit)  image  was  obtained 
through  the  IRT  ADR550  frame  buffering  system.  In  the  digital  image  arrangement,  the 
cylinder  was  located  at  the  same  position  as  the  film  test,  but  the  x-ray  tube  to  detector 
distance  was  increased  to  1076  mm.  Also,  the  x-ray  beam  passed  through  both  walls  of 
the  cylinder  before  detection  and  incorporated  the  additional  absorption  of  the  second 
wall  and  two  different  magnifications  super-imposed  for  both-wall  transmission. 

During  testing,  the  cylinders  were  rotated  at  0.5  rpm  and  the  irradiation  conditions 
were  60kV,  0.5mA  for  a  total  of  30  minutes  with  an  x-ray  beam  collimator.  This  collima¬ 
tor  consisted  of  a  slit  1.0  mm  wide,  15  mm  in  length,  1.4  mm  thick,  mounted  on  the  end 
of  a  tube  (detector  side)  with  a  length  of  13  mm  and  a  diameter  of  12  mm.  The  slit  and 
tube  were  mounted  to  the  x-ray  tube  at  a  distance  of  18  mm  in  front  of  the  x-ray  tube 
focal  spot.  This  collimator  arrangement  produced  a  20  mm  wide  beam  at  the  cylinder  and 
exceeded  the  dimensions  of  the  cylinders  in  the  vertical  direction. 
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The  theory  behind  the  x-ray  transmission  testing  is  that  the  strength  of  the  transmitted 
signal  through  a  piece  with  a  uniform  wall  thickness  is  dependent  upon  the  amount  of 
material  passed  through  and  thus  is  indicative  of  the  relative  densities  of  adjoining  sec¬ 
tions  of  the  cylinders.  The  uniformity  of  the  B^C/Al  distribution  is  also  detectable  by  the 
fact  that  the  x-ray  absorption  levels  of  B4C  and  A1  are  quite  different.  The  light  areas  on 
the  photographs  are  areas  that  did  not  transmit  as  much  of  the  x-ray  beam  and  conversely 
the  dark  areas  are  those  sections  that  transmitted  more  of  the  beam. 

No  internal  voids  were  detected  in  any  of  the  cylinders  submitted  for  NDE  characteri¬ 
zation  in  this  study.  The  cylinders  sent  to  NOSC  were  also  determined  to  be  free  of  any 
aluminum  filled  cracks.  This  type  of  defect  was  found  to  be  easily  identified  with  this 
x-ray  inspection  method. 


5.0  CYLINDER  PRESSURE  TESTING 

Ten  cylinders  prepared  during  the  course  of  this  project  were  subjected  to  external 
pressure  testing  in  NRaD  Laboratories.  All  cylinders  were  instrumented  with  electric  resis¬ 
tance  strain  gauges  CEA-06-125WT-350  (Micromeritics  Inc.)  and  an  acoustic  emission 
transducer  using  established  procedures  (6,7).  The  ends  of  the  cylinders  were  enclosed 
with  titanium  joint  rings  bonded  to  the  B4C/AI  surface  with  epoxy  resin.  Testing  was 
performed  in  a  pressure  vessel  having  electrical  feed  through  which  allowed  the  strain  and 
acoustic  emission  signals  to  be  externally  monitored.  For  some  of  the  testing  the  ends  of 
the  cylinders  were  radially  supported  by  titanium  hemispheres,  and  for  other  with  plane 
steel  bulkheads.  Since  the  elastic  stability  of  the  tested  cylinders  depends  to  a  large  degree 
on  the  radial  rigidity  of  the  bulkheads  the  comparison  of  implosion  pressures  must  be 
made  only  between  cylinders  supported  by  identical  bulkheads.  For  short  term  pressure 
testing  the  pressures  were  increased  in  1000  psi  increments  until  implosion  took  place. 
During  pressure  cycling  tests,  the  pressure  was  increased  by  1000  psi/minute  rate,  fol¬ 
lowed  by  decrease  at  10,000  psi/minute  rate.  In  some  cases  the  pressurization  was  termi¬ 
nated  prior  to  implosion  upon  the  first  indication  of  non-linearity  in  radical  displacements 
as  experience  has  shown  that  in  such  a  case  catastrophic  implosion  would  follow  in 
approximately  300  psi  pressure  increase. 

The  sample  characteristics  and  test  results  are  shown  in  table  3.  The  purpose  of  the 
first  five  experiments  with  Type  3  cylinder  housing  was  to  determine  the  optimum  B4C/AI 
composition  and  green  body  baking  temperature  for  pressure  housing  applications.  The 
B4C/AI  cylinders  tested  were  fabricated  from  69%  dense  boron  carbide  preforms  baked  at 
1300®C,  1400"C  and  ITSO^C  for  30  minutes  and  a  75%  dense  preform  baked  at  1300°C 
for  30  minutes  (see  table  3).  The  first  cylinder  (cylinder  #1  baked  at  1400°C)  imploded  at 
10,500  psi  pressure  or  a  compressive  hoop  stress  of  252,000  psi.  The  two  next  cylinders 
(cylinder  #2  and  ^3)  which  were  baked  at  1300®C  showed  a  significant  improvement  over 
cylinder  1.  The  implosion  pressures  were  12,600  psi  and  11,500  psi  which  correspond  to 
maximum  compressive  hoop  stresses  of  302,400  psi  and  276,000  psi,  respectively.  The 
fourth  cylinder  was  prepared  from  B4C  baked  at  1750®C.  The  cylinder  was  initially  pres¬ 
surized  to  a  design  pressure  of  9000  psi  and  then  pressurized  to  implosion.  Failure  for 
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this  cylinder  occurred  at  11,800  psi  or  a  maximum  compressive  hoop  stress  of  283,000 
psi.  The  testing  of  the  fifth  cylinder  with  a  slightly  higher  B4C  content  (75%  versus  69%) 
and  baking  at  ISOO^C  was  terminated  at  12,500  psi  without  implosion  at  the  very  thresh¬ 
old  of  failure.  The  highest  implosion  pressure,  13,300  psi,  was  arained  with  sixth  cylinder 
which  was  not  annealed  after  grinding  to  final  dimensions;  the  maximum  compressive 
hoop  stress  attained  at  13,300  psi  was  319,200. 

Since  there  was  a  question  whether  the  implosion  of  Type  1  cylinders  was  triggered  by 
material  failure,  or  by  buckling,  cylinder  #5  was  retested  with  plane  steel  bulkheads  that 
provided  stiffer  radial  support  to  the  cylinder  ends.  If  cylinder  tfS  withstood  now  signifi¬ 
cantly  higher  pressure  when  supported  by  the  rigid  steel  end  supports  it  would  indicate 
that  the  implosions  of  all  Type  3  cylinders  in  this  program  supported  by  the  less  rigid 
titanium  hemispheres  was  triggered  by  buckling  and  not  material  failure.  Cylinder  #5 
when  retested  with  rigid  steel  end  supports  imploded  at  15,600  psi,  generating  a  maxi¬ 
mum  compressive  hoop  stress  of  374,400  psi.  The  higher  critical  pressure  achieved  with 
rigid  plane  steel  bulkheads  serves  as  proof  that  the  critical  pressures  and  maximum  hoop 
compressive  stresses  recorded  during  testing  of  Type  3  cylinders  do  not  represent  failure 
of  material  but  elastic  instability  of  the  cylinders. 

Two  additional  cylinders  Type  3a  #8  and  9  were  provided  with  an  8  percent  thicker 
shell.  The  reason  for  the  slight  increase  in  wall  thickness  was  to  raise  the  critical  pressure 
of  Type  3  cylinders  to  13,500  psi  representing  the  minimum  acceptable  safety  margin  for 
9000  psi  design  pressure  for  cylinders  supported  by  titanium  hemispheres,  similar  to  the 
bulkheads  used  on  operational  pressure  housings. 

The  objective  for  testing  the  Type  1  cylinders  #1  and  10  was  to  make  comparison 
between  structural  performance  of  B4C/AI  cermet  cylindrical  housing  and  of  previously 
fabricated  94  percent  alumina  with  identical  dimensions,  and  tested  with  identical  end 
closures  (reference  6).  For  this  purpose,  one  of  the  Type  1  cylinders  was  to  be  pressure 
cycled  ten  times  to  10,000  psi  prior  to  implosion,  while  the  other  one  was  to  be  pressure 
cycled  10  times  to  10,000  psi  and  3,000  times  to  9,000  psi.  prior  to  testing  to  destruction. 

Cylinder  #7  withstood  without  failure  19,800  psi  at  maximum  compressive  hoop  stress 
of  287,100  psi  after  first  being  pressure  cycled  ten  times  to  10,000  psi  followed  by 
3,000  cycles  to  9,000  psi.  The  test  was  terminated  at  19,800  psi  at  initiation  of  non  linear 
radial  displacement.  The  predicted  implosion  by  buckling  was  extrapolated  from  strain 
data  to  occur  at  20,000  psi.  Cylinder  #10  withstood  successfully  10  cycles  to  10,000  psi, 
prior  to  testing  to  implosion  which  was  terminated  without  failure  at  19,500  psi.  The 
implosion  by  buckling  was  extrapolated  from  strain  data  to  occur  at  19,700  psi. 

Cylinder  #10  was  subsequently  pressure  tested  with  hemispherical  instead  of  plane 
steel  bulkheads  to  establish  the  critical  pressure  of  Type  1  cylinder  equipped  with  titanium 
hemispherical  bulkheads  typical  of  operational  external  pressure  housings.  The  critical 
pressure  of  Type  1  monocoque  cylinder  was  calculated  by  the  BOSOR  4  elastic  instability 
program  to  occur  at  approximately  20  percent  lower  pressure  than  when  the  cylinder  ends 
are  radically  supported  by  infinitely  rigid  plane  steel  bulkheads. 
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6.0  TEST  RESULTS 


The  results  show  that  boron  carbide  heat-treatment  procedure  is  important  variable  in 
preparing  B4C/AI  cylinders  for  pressure  housing  applications.  The  highest  implosion  resis¬ 
tance  for  Type  3  cylinders  was  obtained  with  the  1300®C  baked  boron  carbide  (cylin¬ 
der  #2).  The  variations  between  cylinders  §2  and  3  suggest  possible  temperature 
differences  during  the  baking  process.  Cylinder  #1,  on  the  other  hand,  had  the  lowest 
implosion  resistance.  The  lower  implosion  strength  of  cylinder  #1  is  thought  to  be  related 
to  its  microstructure.  At  a  MOO^C  bake  temperature,  the  boron  carbide  grains  are  isolated 
in  continuous  metal  matrix.  This  continuous  metal  matrix  cannot  support  compressive 
loads  as  well  as  the  continuous  ceramic  matrix  found  in  cylinder  ff2.  Cylinder  ^4  which 
was  baked  at  1750°C,  also  performed  better  than  cylinder  Even  though  this  material 
contained  more  free  A1  metal,  the  microstructure  contained  a  very  strong  continuous 
network  of  boron  carbide  grains.  This  type  of  microstructure  resulted  in  a  better  combina¬ 
tion  of  compressive  strength  and  elastic  modulus  which  improved  the  implosion  pressure. 
Based  upon  these  results,  it  appears  that  either  the  HOO^C  or  the  1750°C  bake  tempera¬ 
ture  can  be  used  to  produce  cylinders  with  high  implosion  strengths.  However,  a  bake 
temperature  of  1750°C  is  less  desirable  as  it  results  not  only  in  a  somewhat  lower  com¬ 
pressive  strength  and  modulus  of  elasticity  but  also  in  significant  part  shrinkage  which 
complicates  processing  since  part  dimensions  must  be  controlled. 

Test  results  also  show  that  absence  of  annealing  did  not  appear  to  decrease  the  implo¬ 
sion  pressure;  as  a  matter  of  fact,  a  case  could  be  made  that  the  absence  of  annealing 
tends  to  increase  it.  This  is  based  on  the  observation  that  cylinder  with  69%  boron 
carbide,  baked  at  1300®C,  but  annealed  after  grinding  to  final  dimensions,  failed  at 
13,300  psi,  while  cylinders  ^2  and  3  with  the  same  B4C/AI  content  baked  at  1300°C,  and 
annealed  at  570’C  failed  at  pressures  of  12,600  psi  and  11,500  psi  respectively. 

The  effect  of  baking  temperature  can  also  be  seen  on  the  magnitude  of  strains  re¬ 
corded  on  the  interior  surface  of  the  Type  3  cylinders  at  10,000  psi  proof  pressure.  While 
the  average  hoop  strain  at  midbay  of  cylinders  #2,  3  and  6  with  69%  content  of  boron 
carbide  baked  at  1300'’C  was  -4809  micro  inches/inch  it  increased  to  -5290  for  cylin¬ 
der  #4  baked  at  1750®C,  and  -6205  for  cylinder  /^1  baked  at  1400®C.  From  this  can  be 
deducted  that  the  modulus  of  elasticity  reaches  minimum  when  the  baking  temperature  is 
1400°C.  Since  the  onset  of  buckling  is  directly  related  to  the  modulus  of  elasticity,  the 
higher  modulus  resulting  from  HOO^C  baking  temperature  is  a  distinct  advantage,  as  it 
provides  a  higher  safety  factor  against  buckling.  Based  upon  this  fact,  1300®C  was 
selected  as  the  preferred  bake  temperature  for  the  green  bodies  of  pressure  housings. 

Although  the  1300®C  baked  materials  with  69-70%  content  of  boron  carbide  satisfied 
requirements  of  pressure  housing  applications,  their  performance  should  be  improved  by 
increasing  the  boron  carbide  content  in  the  preform.  However,  this  is  not  necessarily  the 
case  for  this  cylinder  design.  Cylinder  #5,  which  contained  75%  boron  carbide,  did  not 
shown  an  improvement  in  implosion  pressure.  Since  the  calculated  compressive  strength 
of  cylinders  ^2  and  exceeds  significantly  implosion  pressure,  it  is  believed  that  a  fail¬ 
ure  mode  is  not  entirely  controlled  by  the  compressive  strength  of  the  material.  During 
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testing,  a  few  acoustic  emissions  from  the  cylinders  were  recorded  at  pressures  greater 
than  9,000  psi.  This  acoustic  emission  indicates  that  some  deformation  and/or  displace¬ 
ment  of  crystals  in  the  B4C/AI  body  occurs  during  compression.  It  is  thought  that  these 
displacements  could  be  related  to  buckling  and  the  subsequent  collapse  of  the  cylinder 
under  pressure.  This  failure  mechanism  is  controlled  by  the  elastic  modulus  of  the  mate¬ 
rial  and  not  from  a  lack  of  sufficient  compressive  strength.  This  type  of  failure  mecha¬ 
nism  can  be  eliminated  by  increasing  the  wall  thickness  of  the  pressure  housing.  This 
change  in  design  would  increase  the  stiffness  of  the  cylinder,  allowing  the  full  compres¬ 
sive  strength  of  the  B4C/AI  material  to  be  utilized.  One  drawback  for  increasing  the  wall 
thickness  is  the  increase  in  the  overall  weight  of  the  cylinder.  This  fact  is  not  viewed  as  a 
disadvantage  for  the  B4C/AI  system  since  this  material  has  a  very  low  density.  For  exam¬ 
ple,  in  comparison  to  the  current  best  ceramic  material  for  pressure  housings  (alumina), 
the  density  of  B4C/AI  is  approximately  33%  less  than  alumina  (2.63  vs  3.98  g/cc). 

One  interesting  observation  made  during  pressure  testing  of  B4C/AI  cylinders  was  that 
some  permanent  deformation  takes  place  during  the  first  pressurization.  Thus  during  the 
first  pressurization  to  10,000  psi  of  cylinder  #7  the  residual  strains  were  on  the  average 
100  micro  inches,  or  0.001  %  indicating  that  the  material  has  permanently  deformed. 
During  the  second  through  lOth  pressurization  to  10, 000  psi,  no  further  deformation  was 
observed.  Even  when  this  cylinder  was  pressure  cycled  once  to  19,800  psi,  no  further 
permanent  deformation  took  place. 


7.0  CONCLUSIONS 

1.  B4C/AI  composites  having  a  higher  specific  compressive  strength  than  currently  used 
materials  are  excellent  candidates  for  external  pressure  housings  for  deep  submer¬ 
gence  autonomous  underwater  vehicles.  B4C/AI  materials  optimized  for  this  applica¬ 
tion  have  chemistry  and  properties  similar  to  those  of  ceramics,  rather  than  to 
cermets.  They  are  characterized  by  a  compressive  strength  of  490  ksi,  elastic  modulus 
of  46.4  X  106  psi,  flexure  strength  of  about  55-60  ksi,  fracture  toughness  of 
5.2  MPa  and  hardness  of  1400  kg/mm?. 

2.  A  procedure  has  been  developed  in  The  Dow  Chemical  Company  Advanced  Ceramics 
Laboratory  that  allows  for  the  near  net  shape  production  of  B4C/AI  cylinders  with  a 
diameter  of  6  inch  and  lengths  of  5  and  9  inches.  The  method  is  based  on  vacuum 
infiltration  of  near-net  shape  preforms  of  boron  carbide  which  have  received  a  pro¬ 
prietary  baking. 

3.  The  compressive  tests  performed  on  6  inch  diameter  x  5  inch  long  cylinders  with  a 
wall  thickness  of  0.135  inch  and  0.3  weight/displacement  ratio  showed  compressive 
strengths  of  about  300  ksi,  at  pressures  which  correspond  to  about  30  thousand  feet 
submergence.  Since  the  compressive  strength  of  B4C/AI  ceramics  is  higher  than  the 
compressive  stress  in  cylinders  at  implosion  the  failure  mechanism  is  thought  to  occur 
through  buckling  and  the  subsequent  collapse  of  the  cylinder  w^alls.  A  change  in  cylin¬ 
der  design  to  increase  stiffness  would  take  full  advantage  of  B4C/AI  high  compressive 
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strength.  A  change  to  cylinder  design  that  would  increase  cylinder  stiffness  without 
addition  of  weight  is  the  incorporation  of  B4C/AI  ring  stiffeners  into  the  shell  of  the 
cylinder;  such  type  of  design  has  been  already  experimentally  validated  on  12-inch 
diameter  cylinders  of  glass  ceramic  material  (reference  9). 

4.  The  B4C/AI  composite  monoque  cylinders  with  t/Do  =  0.0345,  L/Do  =  1.49  and 
0.36  weight  to  displacement  ratio  have  been  found  to  be  acceptable  (i.e.,  SF  >  1.5)  for 
external  pressure  service  to  (a)  9000  psi  (20,000  ft  submergence)  when  the  ends  are 
radially  supported  by  ceramic  composite,  or  titanium  hemispheres,  or  (b)  13,300  psi 
(30,000  ft  submergence)  when  radially  supported  by  plane  titanium  plates.  In  either 
case,  the  failure  mode  is  by  buckling,  and  not  by  material  failure.  The  weight/displace¬ 
ment  ratio  of  such  cylinders  capped  with  titanium  hemispheres  for  9,000  psi  service,  is 
0.48.  The  weight/displacement  ratio  car  be  further  decreased  to  0.38  if  ceramic  com¬ 
posite  is  substituted  for  titanium  in  th  hemispheres. 

5.  Based  on  the  performance  of  material  test  specimens  and  cylinders  under  cyclic  com¬ 
pressive  loading,  it  appears  that  at  150,000  psi  compressive  hoop  stress  the  cyclic 
fatigue  life  of  B4C/AI  composite  housings  is  in  excess  of  1000  cycles. 
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APPENDIX  A;  BORON  CARBIDE  CERMETS 
FOR  PRESSURE  HOUSINGS-PROCESS  OVERVIEW 

Art  Prunier 

Dow  Chemical  Company 


A-1 


OUTLINE 


L  Preparation  of  Powders 
IL  Preparation  of  Greenware  Cylinder 

III.  Conversion  to  B4C  Cermet 

IV.  Machining  to  Size 
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POWDER  PREPARATION 


Starting  Powders  are  from  ESK:  1500  &  Bimodal 


Powders  are  washed  to  remove  boric  oxide 
Methanol  slurry  forms  trimethylborate 
Centrifuge  to  separate  powder 
Dry  at  50 °C  /  trimethylborate  evaporates 


Washed  powders  are  blended 

69%  Bimodal  /  31%  1500  is  ideal 
Yields  greenware  having  31-32%  porosity 
Blending  done  in  ultrapure  H2O 
pH  raised  to  7.0  using  NH4OH 


Blended  powder  "slip”  is  mixed  &  dispersed 
Small  volumes  using  ultrasonic  treatment 
Large  volumes  using  roller  mill  &  B4C  balls 

Vacuum  degassing  to  remove  air  bubbles  required 
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PREPARATION  OF 
GREENWARE  CYLINDERS 


Overall  process  is  called  "Slip  Casting" 

B4C  +  H2O  is  the  slip 

Casting  done  in  a  Plaster  of  Paris  mold 

Mold  Production 

Steel  cylinder  machined  to  target  size  + 
Plaster  mold  formed  around  steel 
Steel  cylinder  removed,  leaving  cylinder  - 
shaped  cavity  of  proper  size 
Dry  mold  at  50°C 

Pour  B4C  powder  slurry  into  mold 
Water  pulled  into  porous  mold 
B4C  is  deposited  on  mold  walls 
1.75  hr  to  achieve  >  0.30  inch  casting 
Pump  out  excess  slip 

Remove  cast  B4C  cylinder 

Dry  mold  +  cylinder  at  50°C 
B4C  cylinder  shrinks  slightly,  allowing  it  to  be 
removed  from  the  mold 
Dry  free  cylinder  (=  greenware)  for  24  -  48  hr 
at  50°C 

Dry  cylinder  in  vacuum  oven  >12  hr  at  95°C 
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Boron  Carbide  Preform 


1 


t  Sintered  Filled 

Green  Filled 
(Baked/No  Bake) 


t 

Post 

Heat  Treatment 

570°C 

i 

Heat-Treated 
(Baked/No  Bake) 
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CONVERSION  TO  B4C  CERMET 


Bake  green  cylinder,  if  required 
Graphite  vacuum  furnace  used 

Prepare  aluminum  metal 
Strips  of  1145  alloy  used 
Calculate  A1  needed  to  fill  cylinder  pores 
Add  7.5%  extra 

Prepare  cylinder  for  infiltration 

Alumina  retainer  used  to  hold  parts 
Distribute  A1  strips  around  cylinder 
Saffil®  fiber  blanket  holds  A1  next  to  cylinder 

Actual  Infiltration 

At  1150  -  1180°C  in  vacuum  furnace 
Mo  or  W  furnace  preferred  over  C  furnace 
Molten  A1  drawn  into  porous  cylinder 
Metal  can  rise  about  6  inches  max. 
Controlled,  slow  cooldown 


ARP  /  9-91 


A-6 


METHOD  OF  INFILTRATION 

6  inch  diameter  cylinders 


5  inch  tall  9  inch  tall 
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MACHINING  TO  SIZE 


Diamond  grinding  must  be  used  to  achieve  size 
specifications 

Both  inside  and  outside  must  be  machined 
Identification  of  competent  machinist  is  critical 
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APPENDIX  B:  EXPERIMENTAL  EVALUATION  OF 
MODEL  SCALE  B^C/Al  CERMET  CYLINDERS 
UNDER  EXTERNAL  PRESSURE 


J.  D.  Stachiw 
NRaD 
Code  9402 
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BACKGROUND 


Characterization  of  the  B4C/Aluminum  composite  by  testing  of  compression  and  flex¬ 
ure  test  specimens  according  to  standard  procedures  provides  valuable  information  for  the 
engineer  contemplating  the  selection  of  this  material  for  the  fabrication  of  a  component 
meeting  his  performance  requirement.  This  information,  however,  is  not  sufficient  for  the 
prediction  of  the  component’s  structural  performance  in  service,  because  standard  proce¬ 
dures  for  testing  of  material  specimens  do  not  duplicate  the  stress  field  that  will  be  gener¬ 
ated  in  the  specimen  by  the  operational  loading  conditions. 

To  circumvent  this  shortcoming  scale  models  of  the  component  are  fabricated  and 
subjected  to  loads  that  will  be  encountered  by  the  full  size  component  in  operation.  If  the 
model  scale  component  performs  satisfactorily  the  degree  of  confidence  in  the  perform¬ 
ance  of  the  full  size  component  will  increase  significantly.  Since  B4C/ Aluminum  compos¬ 
ite  has  previously  never  been  applied  to  the  construction  of  cylindrical  external  pressure 
housings  it  was  deemed  prudent  to  fabricate  some  model  scale  cylinders  and  evaluate 
their  structural  performance  prior  to  committing  the  program  to  the  fabrication  of  large 
cylindrical  housings. 


OBJECTIVE 


The  primary  objective  of  the  program  for  the  fabrication  and  subsequent  pressure  test¬ 
ing  of  the  model  scale  cylinders  was  to  evaluate  the  structural  performance  of  the  B4C/ 
Aluminum  composite  in  a  complex  stress  field  generated  by  operational  pressure  loading 
in  monocoque  cylinders. 

The  secondary  objective  of  the  program  was  to  identify  and  solve  any  problems  associ¬ 
ated  with  the  fabrication  of  monocoque  cylinders  from  B4C/ Alumina  composite. 

The  scope  of  the  program  was  limited  to  two  types  of  6  inch  diameter  monocoque 
cylinders.  Type  1  cylinders  (figure  B-1)  were  dimensioned  for  215,000  psi  nominal  hoop 
stress  and  50  percent  buckling  overload  at  9,000  psi  design  pressure.  Type  3  cylinders 
(figure  B-2)  were  dimensioned  for  132,000  psi  nominal  hoop  stress  and  100  percent  buck¬ 
ling  overload  at  9,000  psi. 


INSTRUMENTATION 


All  of  the  cylinders  were  straingaged  with  0.25  inch  rectangular  straingage  rosettes.  A 
minimum  of  5  rosettes  was  bonded  to  the  interior  surface  at  midbay  to  serve  as  a  sensi¬ 
tive  buckling  detector.  Some  gages  were  also  bonded  to  the  interior  surface  near  the  ends 
of  the  cylinder  to  measure  the  magnitude  of  strains  generated  by  the  bulkheads  (fig¬ 
ures  B-3  and  B-4). 


B-2 


Figure  B-2.  Boron  carbide  aluminum  cermet  model  scale— Type  3  housing 
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LOCATIONS:  ABC  D 


Figure  B-4.  Locations  of  gages  on  the  interior  of  Dow  Type  3  test 
cylinders— PN  55910-0126849. 
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Acoustic  emission  detectors  were  utilized  to  detect  acoustic  events  during  pressuriza¬ 
tion  of  the  cylinders.  In  some  cases  they  were  bonded  to  the  interior  surface  of  the 
cylinders  at  midbay,  while  in  other  cases  they  were  bonded  to  the  exterior  surface  of  the 
pressure  vessel. 

TEST  SETUP 

Prior  to  testing  the  ends  of  the  cylinders  were  encased  in  epoxy  filled  titanium  joint 
rings  (figures  B-5,  B-6  and  B-7)  to  protect  them  from  chipping,  and  to  reduce  spalling  on 
the  plane  bearing  surfaces  during  repeated  pressurization.  The  cylinders  were  pressure 
tested  after  being  mated  either  with  titanium  hemispherical  bulkheads,  or  steel  plane 
bulkheads,  both  providing  radial  and  axial  support  to  the  ends  of  the  cylinders  (fig¬ 
ures  B-8  and  B-9). 

The  steel  plane  bulkheads  were  used  in  those  tests  where  the  primary  objective  of  the 
test  was  to  determine  the  maximum  critical  pressure  attainable  with  a  model  cylinder  of 
given  dimensions  (figure  B-10).  As  a  result  the  peak  nominal  hoop  stresses  and  critical 
pressures  generated  by  Type  1  and  Type  3  cylinders  supported  by  plane  bulkheads  were 
always  significantly  higher  than  when  identical  cylinders  were  supported  at  the  ends  by 
hemispherical  bulkheads. 

The  titanium  hemispherical  bulkheads  were  employed  only  in  those  tests  where  the  pri¬ 
mary  objective  of  the  tests  was  to  determine  experimentally  the  effect  of  different  fabrica¬ 
tion  parameters  on  the  critical  pressure  of  boron  carbide  aluminum  composite  monocoque 
cylinders  mated  to  scale  models  of  operational  bulkheads  (figures  B-11  and  B-12). 
Custom  designed  bulkhead  penetrators  were  used  for  feeding  through  of  instrumentation 
leads  (figures  B-13  and  B-14). 

TEST  PROCEDURE 

Pressure  housings  assembled  from  a  single  6  inch  diameter  cylinder,  and  fiat  or 
hemispherical  bulkheads  (figures  B-15  and  B-16)  were  proof-tested  twice  to  10,000  psi, 
while  the  strain  and  acoustic  emission  readings  were  recorded  at  1,000  psi  intervals. 
Following  these  proof-tests  the  cylinders  would  be  either  pressure  cycled  to  9,000  psi,  or 
pressurized  to  implosion. 

In  some  tests  (Test  cylinders  SN  #5,  6  and  10)  the  pressurization  was  terminated  prior 
to  catastrophic  implosion,  when  incipient  buckling  was  detected  by  observing  the  depar¬ 
ture  of  hoop  strains  from  linearity  at  midbay.  As  a  signal  for  termination  of  pressurization 
served  the  reversal  of  strain  rate  by  any  one  of  the  strain  gages  oriented  in  hoop  direction. 
Subsequently  these  test  cylinders  were  mated  with  different  bulkheads  and  were  tested  to 
catastrophic  failure.  In  all  cases  the  critical  pressure  was  reached  only  when  the  test 
cylinders  were  equipped  with  plane  steel  bulkheads  (figure  B-17).  Because  of  the  high 
dynamic  pressures  generated  by  implosions  the  testing  was  conducted  in  surplus  gun 
barrels  converted  into  pressure  vessels  (figure  B-18). 
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Figure  B-5.  Type  3  cylinders  with  titanium  end  caps  prior  to  bonding. 


Figure  B-6.  End  cap  Mod  1  for  model  scale  cy!inders~6.0  inch 
outside  diameter  x  0.19  inch  thickness. 


ALL  MEASUREMENTS  IN  inches 


Figure  B-7.  End  cap  Mod  1  for  model  scale  cylinders— 6.04  inch 
outside  diameter  x  0.2076  inch  thickness. 
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Figure  B-8.  Type  3  cylinders  with  bonded  on  end  caps  prior  to  mating  with 
hemispherical  bulkheads  for  cyclic  pressure  testing. 
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Figure  B-9.  Type  1  cylinder  with  bonded  on  end  caps  prior  to  mating  with 
plane  steel  bulkheads  for  implosion  testing. 
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MATERIAL: 

303  STAINLESS  STEEL 


Figure  B-14.  Spherical  bulkhead  penetration  plug. 
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Figure  B-15.  Instrumented  Type  3  cylinder  equipped  v.'ith  hemispherical  bulkheads. 


Figure  B-16.  Type  1  cylinder  equipped  with  plane  steel  bulkheads. 
Critical  pressure  of  cylinders  tested  with  plane  bulkheads  was  always 
higher  than  cylinders  tested  with  hemispherical  bulkheads. 


B-19 


8.800 


BULKHEAD 
4140  HT  STEEL 


ENDCAPS 


5.539 . 


(ENDCAP) 


CERAMIC 

TEST 

/  SPECIMEN 
MOD  2 


4  PLACES 


Figure  B-17.  Test  arrangement  for  implosion  testing  of 
6-inch  ceramic  cylinders. 
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Figure  B-18.  Pressure  vessel  used  for  implosion  testing  of  ceramic  cylinders. 


TEST  RESULTS 


1.  Cylinders  radially  supported  at  the  ends  by  plane  bulkheads  failed  at  higher  pressures 
than  identical  cylinders  radially  supported  at  the  ends  by  hemispherical  bulkheads. 
The  increase  in  critical  pressure  was  in  the  range  of  15  to  20  percent. 

2.  All  of  the  cylinders  tested  failed  by  mechanism  of  elastic  instability  (i.e.,  buckling), 
rather  than  by  failure  of  material  in  compression.  The  modulus  of  elasticity  of  the 
ceramic  composite  with  70  percent  B4C  in  the  6-inch  diameter  cylinder  bodies  has 
been  calculated  on  the  basis  of  measured  strains  to  fall  into  the  43  to  45  x  106  psi 
range.  Although  the  compressive  strength  of  this  ceramic  composite  in  the  cylinder 
bodies  has  not  been  experimentally  determined,  it  has  been  shown  to  exceed 
300,000  psi. 

3.  The  cyclic  fatigue  life  of  the  bearing  surfaces  on  the  6-inch  diameter  ceramic  compos¬ 
ite  cylinders  has  been  determined  to  exceed  3,000  pressure  cycles  at  axial  bearing 
pressure  of  66,000  psi.  During  these  tests  the  ends  of  the  cylinders  were  resting  on  a 
0.010  inch  thick  layer  of  epoxy  held  captive  between  mating  surfaces  of  the  ceramic 
composite  cylinder  and  the  titanium  joint  ring. 

4.  Type  I  monocoque  cylinder  with  L/Do  =  1.5,  when  fabricated  from  B4C  aluminum 
composite,  equipped  with  titanium  joint  rings,  and  supported  by  rigid  bulkheads  can 
serve  as  a  housing  with  a  0.36  weight  to  displacement  ratio  for  9,000  psi  (20,000  feet) 
operational  pressure,  while  providing  a  safety  factor  of  2.2  against  implosion  by  elastic 
instability,  or  material  failure. 

5.  When  Type  I  monocoque  cylinder  is  mated  with  the  lightweight  Model  I  titanium  hemi¬ 
spheres  (figure  B-19)  developed  in  a  previous  NRaD  program  the  resultant  weight  to 
displacement  ratio  of  the  housing  as  well  as  its  resultant  safety  factor  are  calculated  to 
be  0.46  and  1.25  respectively. 

With  Model  2  titanium  hemispheres  (figures  B-11  and  B-12)  the  resultant  weight  to 
displacement  ratio,  as  well  as  its  resultant  safety  factor  of  the  housing  are  calculated  to  be 
0.65  and  1.73,  respectively. 

With  Model  3  ceramic  composite  hemispheres  (figure  B-20)  equipped  with  titanium 
mounting  ring  (figure  B-21)  the  resultant  weight  to  displacement  ratio,  as  well  as  the 
resultant  safety  factor  of  the  housing  are  calculated  to  be  0.35  and  2,  respectively. 

CONCLUSIONS 

1.  Monocoque  cylinders  with  t/Do  =  0.034  and  L/Do  =1.5  dimensions  when  equipped 
with  titanium  joint  rings  provide  a  weight  to  displacement  factor  of  0.36  at  a  safety 
factor  of  2.2  for  operational  depth  of  20,000  feet  when  fabricated  from  DOW  ceramic 
aluminum  composite  containing  70  percent  boron  carbide  (Figure  22A). 

2.  When  the  above  cylinders  are  mated  with  the  aid  of  joint  rings  to  hemispheres  of  the 
same  ceramic  composite  the  weight  to  displacement  ratio  of  the  whole  housing 
decreases  to  0.35  without  any  reduction  in  the  magnitude  of  safety  factor. 


B-22 


Figure  B-19.  Titanium  end  closure,  Model  1 
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Figure  B-22.  Type  1  ceramic  coruposite  cylinder  successfully  withstood  19,500  psi 
external  pressure  when  tested  with  plane  steel  bulkheads.  When  tested  with  spherical 
titanium  bulkheads  it  imploded  at  15,700  psi. 


Test  Cylinder  SN#1  Type  3 
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Table  T  Strains  on  Dow  Ceramic  Cylinder  PN  5S910-0126S49  SN#  1 
urxier  Short  Term  Pressurizations 
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Table  1  Strains  on  Dow  Ceramic  Cylinder  PN  55910-0126849  SN#  1  (coot, 
under  Short  Term  Pressurizations 
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Test  Date:  11-9-91 


ACOUSTIC  EMISS.  DURING  HYDROSTATIC  TESTING 
OF  MODEL  CYLINDER  DOW  PN  55910-012  6849  SN#  1 


Pressurization  #  1 

Pressure 

Events 

Time 

Notes : 

0000 

0 

7:35 

1.  Transducer:  AET  AC175 

1000 

1184-1195 

7:40 

SN#  7799  5  to  200  KHZ 

2000 

1268-1292 

7:43 

2.  Amplifer  Setting: 

3000 

1320-1331 

7:45 

Rate :  T 

4000 

1381-1402 

7:48 

Gain:  80  DB 

5000 

1438-1466 

7:51 

Threshold:  Automatic 

6000 

1579-1655 

7:53 

Function:  Events 

7000 

1865-2181 

7:55 

3 :  Recorder : 

8000 

2732-3274 

7:58 

Channel  "A"  Events, 

9000 

3426-3746 

8:01 

4000  Full  Range 

10000 

4870-6055 

8:04 

Channel  Rms, 

10500 

6327 

8:05 

50  MV  Full  Scale, 

0.5  CM/Min  Chart  Scale 


Failed  at  10,500  psig 
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STRAIN,  MICRO INCHES/ INCH 
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STRAIN.  MICRO INCHES/ INCH 


BORON  CARBIDE  ALUMINUM  COMPOSITE 
MODEL  SCALE  CYLINDER 
PN  55910-012  6849  SN  #1 
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RCOUSTIC  EVENTS  X  10 


Test  Cylinder  SN#2  Type  3 
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Table  2  Strains  on  Dow  Ceramic  Cylinder  PN  55910-0126849  SN#  2 
under  Short  Term  Pressurizations 
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Cylinder  Weight:  597  grams 
Catastrophic  implosion  12,600  psi 

Maximum  compressive  hoop  stress  at  failure:  302,400  psi 


Test  Date:  12-14-91 


ACOUSTIC  EMISSIONS  DURING  HYDROSTATIC  TESTING 
OF  MODEL  CYLINDER  DOW  PN  55910-0126849  SN#  2 

Pressurization  #  1 


Pressure 

Events 

Time 

Notes: 

0000 

0 

9:07 

1.  Transducer:  AET  AC175 

1000 

25-25 

9:10 

SN#  7799  5  to  200  KHZ 

2000 

239-243 

9:11 

2.  Amplifer  Setting: 

3000 

385-386 

9:13 

Rate:  T 

4000 

396-396 

9:15 

Gain:  60  DB 

5000 

414-416 

9:17 

Threshold:  Automatic 

6000 

426-426 

9:19 

Function:  Events 

7000 

440-440 

9:21 

3:  Recorder: 

8000 

447-447 

9:23 

Channel  "A"  Events, 

9000 

458-458 

9:25 

4000  Full  Range 

10000 

460-460 

9:27 

Channel  "B”  Rms, 

11000 

462-463 

9:30 

50  MV  Full  Scale, 

12000 

468-470 

9:32 

0.5  CM/Min  Chart  Scale 

Failed  at  12,600  psig 
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ACOUSTIC  EVENTS  X  10 


Test  Cylinder  SN#3  Type  3 
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Table  3  Strains  on  Dow  Ceramic  Cylinder  PN  55910-01216849  SM#  3 
under  Short  Term  Pressurizations 
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Catastrophic  implosion  12,000  psi 

Maximum  compressive  hoop  stress  at  failure:  288,000  psi 
Weight  to  Displacement  Ratio:  0.25 


Test  Date:  01--19-92 


ACOUSTIC  EMISSIONS  DURING  HYDROSTATIC  TESTING 
OF  MODEL  CYLINDER  DOW  PN  55910-01216849  SN#  3 

Pressurization  #  1 


Pressure 

Events 

Time 

Notes : 

0000 

0 

4:15 

1.  Transducer:  AET  AC175 

1000 

32-34 

4:17 

SN#  7799  5  to  200  KHZ 

2000 

50-53 

4:20 

2.  Amplifer  Setting: 

3000 

64-68 

4:21 

Rate :  T 

4000 

90-96 

4:23 

Gain:  60  DB 

5000 

214-251 

4:26 

Threshold:  Automatic 

6000 

264-272 

4:29 

Function:  Events 

7000 

291-299 

4:30 

3:  Recorder: 

8000 

310-322 

4:31 

Channel  "A”  Events, 

9000 

382-392 

4:32 

4000  Full  Range 

10000 

397-398 

4:33 

Channel  "B”  Rms, 

11000 

409-413 

4:34 

50  MV  Full  Scale, 

12000 

423-456 

4:35 

0.5  CM/Min  Chart  Scale 

Failed  at  12,000  psig 
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STRRIN.  MICRO INCHES/ INCH 
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ACOISTIC  EVENTS  X  10 


Test  Cylinder  SN#4  Type  3 
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Table  4  Strains  on  Oow  Ceramic  Cylinder  PN  55910-0126849  SN#  4 
under  Short  Term  Pressurizations 


Test  Date:  03-17-92 


ACOUSTIC  EMISSIONS  DURING  HYDROSTATIC  TESTING 
OF  MODEL  CYLINDER  DOW  PN  55910-01216849  SN#  4 


Pressurization  #  1 

Pressure 

Events 

Time 

Notes: 

0000 

0 

4:12 

1. 

Transducer:  AET  AC175 

1000 

8-8 

4:15 

SN#  7799  5  to  200  KHZ 

2000 

65-72 

4:17 

2. 

Amplifier  Setting: 

3000 

127-132 

4:18 

Rate:  T 

4000 

172-180 

4:20 

Gain:  60  DB 

5000 

204-206 

4:22 

Threshold:  Automatic 

6000 

223-226 

4:24 

Function:  Events 

7000 

232-233 

4:25 

3. 

Recorder : 

8000 

238-238 

4:29 

Channel  ”A"  Events, 

9000 

249-258 

4:30 

4000  Full  Range 

Channel  "B”  Rms, 

50  MV  Full  Scale, 

0.5  CM/Min  Chart  Scale 


Test  terminated  at  9,000  psig  without  failure 
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Test  Date;  03-17-92 


ACOUSTIC  EMISSIONS  DURING  HYDROSTATIC  TESTING 
OF  MODEL  CYLINDER  DOW  PN  55910-01216849  SN#  4 

Pressurization  #  2 


Pressure 

Events 

Time 

Notes : 

0000 

0 

6:45 

1. 

Transducer:  AET  AC175 

1000 

21-22 

6:47 

SN#  7799  5  to  200  KHZ 

2000 

32-32 

6:49 

2. 

Amplifier  Setting: 

3000 

38-38 

6:50 

Rate:  T 

4000 

50-50 

6:52 

Gain:  60  DB 

5000 

69-69 

6:53 

Threshold:  Automatic 

6000 

78-83 

6:54 

Function:  Events 

7000 

89-89 

6:55 

3. 

Recorder: 

8000 

94-94 

6:57 

Channel  "A"  Events, 

9000 

100-100 

6:58 

4000  Full  Range 

10000 

110-110 

7:00 

Channel  Rms, 

10500 

111-112 

7:02 

50  MV  Full  Scale, 

11000 

113-114 

7:03 

0.5  CM/Min  Chart  Speed 

11500 

118-119 

7:04 

Failed  at 

11,800  psig 
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ACOUSTIC  EVENTS  X  10 


Test  Cylinder  SN#5  Type  3 


Table  5.  Tested  with  titanium  hemispherical  bulkheads 
Table  5.1.  Tested  with  plane  steel  bulkheads 
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Table  5  Strains  on  Dow  Ceramic  Cylinder  PN  559:0-0126849  SN#  5 
under  Short  Term  Pressurizations 


o 

K» 

fSI 

«- 

OJ 

«n 

Kl 

N 

CO 

o 

CO 

OJ 

<D 

eu 

fO 

Si 

'4 

OJ 

x> 

OJ 

4 

K. 

in 

2 

c 

e 

OJ 

O' 

» 

♦ 

' 

• 

* 

• 

•— 

w- 

< 

' 

* 

’ 

‘ 

* 

UTK 

o 

O' 

nO 

S) 

O 

X3 

4 

O' 

m 

m 

Kl 

4 

OJ 

XI 

K 

f-n 

•«* 

4 

O 

x> 

O 

XI 

OJ 

o. 

CO 

in 

Kl 

2 

*4- 

O' 

Kl 

CO 

m 

N. 

'C 

o 

m 

N. 

o 

Kl 

4 

o 

3£ 

nj 

m 

Kl 

Kl 

4 

4 

4 

4 

in 

in 

m 

o 

O 

Kl 

4 

o 

4 

OJ 

m 

v> 

4 

o 

X) 

Kl 

o 

K 

X3 

04 

o 

X) 

XI 

m 

O* 

<Q 

Ki 

•4 

X) 

ou 

O' 

Kl 

in 

h- 

CO 

O* 

p 

O 

o 

K 

' 

‘ 

' 

, 

, 

, 

, 

', 

*T* 

< 

3 

VI 

O 

_ 

o 

O' 

o 

tw 

>o 

9^ 

o 

in 

O 

CO 

Kl 

4 

OJ 

cO 

a. 

i>o 

u\ 

m 

nj 

O' 

•4 

O' 

OJ 

OJ 

O 

< 

o 

Kl 

<0 

m 

'C 

o 

in 

o. 

O' 

o 

Ik 

T3 

1 

< 

•— 

m 

nj 

Kl 

Kl 

4 

4 

4 

4 

in 

m 

4 

<0 

• 

♦ 

• 

• 

• 

1 

> 

1 

<u 

u 

o 

cn 

o 

(D 

§ 

o 

C 

JX 

o' 

o 

'C 

*4 

m 

Kl 

'O 

CO 

N 

OJ 

m 

K- 

OJ 

m 

O 

m 

CO 

in 

o 

N. 

Kl 

o 

(V 

K- 

4 

4 

o  t 

3 

fO 

in 

'O 

CO 

O' 

Kl 

4 

XI 

N. 

K, 

CO 

O' 

O 

• . 

9 

OJ 

Kl  O 

r 

z 

X 

c 

< 

>-  C 

a 

4U 

3  C 
m  E 

in 

k* 

(C 

•n 

<0 

o 

O' 

Kl 

CO 

4 

o 

4 

'O 

rw 

o 

N. 

o 

o 

Q. 

o 

O' 

Kl 

fw 

4 

»“ 

in 

O 

4 

CO 

X> 

o 

CO 

QJ 

E 

O 

m 

O 

Kl 

00 

<v 

n. 

04 

'O 

in 

N. 

O' 

Kl 

Ol 

'C  E 

o 

0. 

O 

t 

ra 

nj 

Kl 

K» 

4 

4 

4 

4 

in 

in 

m 

o  ■ 

1  ^ 

. 

•  c 

X 

o 

<  —  3 

o 

£ 

UJ  E 

CO 

k/ 

o 

o  5 

c 

XI 

c 

o 

o 

>o 

Kl 

ni 

'O 

OO 

<r“ 

Oj 

N 

O' 

in 

Kl 

m 

OJ 

o  >« 

m 

>0 

XI 

<Ni 

h- 

K» 

ir“ 

XI 

OI 

N. 

4 

Kl 

o 

'0 

O' 

(0 

ro 

x> 

O' 

OJ 

4 

in 

>0 

K. 

CO 

Si 

o 

1.. 

ro  aj  — 

k* 

X 

•“ 

•“ 

•" 

V 

»— 

*7 

s. 

X 

t/i 

u 

OJ 

4 

fO 

<0 

< 

a>  X 

£ 

X 

o 

v> 

(A 

Ol  u 

Ql 

l_ 

t/1 

o; 

<U  fli  w 

Ol 

3 

QJ 

o 

o 

N. 

I'O 

CO 

00 

O 

Kl 

O 

P- 

4 

XI 

4 

4 

4 

E 

a 

O 

T— 

4 

o 

X> 

O' 

m 

O' 

*“• 

in 

O 

c 

C  C 

o 

o 

Nt 

a 

(M 

m 

4 

O' 

Kl 

X> 

CO 

Kl 

N. 

c 

z 

o 

F 

nj 

nj 

K^ 

*n 

4 

4 

4 

in 

in 

m 

o 

flj  c 

o 

« 

ft 

1.  C 

E 

u 

O 

o 

*.#  CD  3 

x> 

Ol 

3 

o 

t/i 

o 

E 

C 

•• 

OJ 

o 

>o 

O 

in 

x> 

'O 

«9 

O' 

CO 

00 

x> 

4 

4 

c 

u  F 

r 

> 

r<i 

«> 

K» 

CO 

o 

Kl 

O 

CO 

C  — 

<Q 

<M 

-4 

in 

K- 

CO 

o 

OJ 

K) 

in 

'O 

N. 

CO 

O' 

JD  *• 

»> 

k* 

X 

< 

1 

i. 

t/9  0 

c 

JZ 

<u 

(D 

V 

Ol 

u 

1 

(/)  t 

.  ifl 

F 

0 

</> 

^  S 

O 

o 

F 

c 

t_  < 

a 

o 

m 

<V 

X) 

Kl 

Kl 

K- 

o 

4 

X) 

x> 

o* 

OO 

o 

Ol 

O 

c 

3 

E 

Ql 

m 

4 

X) 

o 

X4 

« 

Ol 

m 

in 

o 

Kl 

x> 

o 

m 

o 

u 

u 

o 

CO 

Kl 

x> 

O 

4 

o 

Kl 

in 

CO 

O 

OJ 

'O 

i- 

-  o  o 

CJ 

<D 

X 

•— 

m 

04 

Kl 

Kl 

Kl 

4 

4 

4 

in 

in 

in 

V) 

u  •- 

ka  E 

O 

?  1 

U  (D 

0)  t. 

*0 

w  OJ 

c 

> 

> 

CJ 

a; 

o 

o 

o 

O 

O 

o 

o 

O 

C3 

O 

O 

o 

o 

r> 

o 

o 

UJ  u 

o 

o 

o 

o 

1.3 

o 

o 

O 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

O 

o 

o 

in 

o 

o 

<A 

U) 

rv 

Kl 

4 

m 

x> 

CO 

O' 

o 

o 

OJ 

rg 

in 

o. 

w 

o 

<L 

3C 

B-65 


Test  Date:  03-15-92 


ACOUSTIC  EMISSIONS  DURING  HYDROSTATIC  TESTING 
OF  MODEL  CYLINDER  DOW  PN  55910-01216849  SN#  5 

Pressurization  #  1 


Pressure 

Events 

Time 

Notes: 

0000 

0 

2:10 

1.  Transducer:  AET  AC175 

1000 

27-30 

2:13 

SN#  7799  5  to  200  KHZ 

2000 

95-107 

2:16 

2.  Amplifier  setting: 

3000 

135-163 

2:19 

Rate :  T 

4000 

177-224 

2:20 

Gain:  60  DB 

5000 

231-231 

2:22 

Threshold:  Automatic 

6000 

251-257 

2:23 

Function:  Events 

7000 

275-276 

2:26 

3:  Recorder: 

8000 

281-281 

2:30 

Channel  "A"  Events, 

9000 

290-292 

2:31 

4000  Full  Range 

10000 

295-297 

2:33 

Channel  "B"  Rms, 

10500 

306-307 

2:35 

50  MV  Full  Scale, 

11000 

310-310 

2:37 

0.5  CM/Min  Chart  Scale 

11500 

319-319 

2:38 

12000 

321-322 

2:40 

12500 

325-328 

2:41 

Test  terminated  at  12,500  psig  without  implosion 
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-2000  -4000  -6000  -8000 

STRAIN,  MICRO INCHES/ INCH 
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RCOUSTIC  EVENTS  X  10 


Table  5-1  Strains  on  Dow  Ceratn  c  Cylinder  PN  55910-0126R49  SN#  5 
under  Short  Term  Pressurizations  with  Erws  Radially  Supported  by  Plane  Steel  Bulkheads 
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Test  Date:  05-09-92 

ACOUSTIC  EMISSIONS  DURING  HYDROSTATIC  TESTING 


OF  MODEL  CYLINDER 

DOW  PN 

55910-01216847  SN#  05 

Pressurization  #  1 

Pressure 

Events 

Time 

Notes: 

0000 

0 

5:10 

1.  Transducer:  AET  AC175 

1000 

3-3 

5:13 

SN#  7799  5  to  200  KHZ 

2000 

5-5 

5:15 

2.  Amplifier  Setting: 

3000 

18-20 

5:16 

Rate;  T 

4000 

21-22 

5:18 

Gain;  60  DB 

5000 

24-24 

5:20 

Threshold:  Automatic 

6000 

24-25 

5:21 

Function:  Events 

7000 

27-29 

5:23 

3.  Recorder: 

8000 

63-63 

5:25 

Channel  "A"  Events, 

9000 

67-69 

5:26 

4000  Full  Range 

10000 

75-75 

5:30 

Channel  *'B"  Rms, 

11000 

80-90 

5:32 

50  MV  Full  Scale, 

12000 

130-164 

5:33 

0.5  CM/Min  Chart  Scale 

12500 

172-172 

5:35 

13000 

175'-181 

5:37 

13200 

196-196 

5:40 

13400 

196-200 

5:41 

13500 

212-215 

5:43 

Failed  at 

13,500  psig 
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STRAIN.  MICRO INCHES/ INCH 


Test  Cylinder  SN#6  Type  3 


Table  6.  Tested  with  titanium  hemispherical  bulkheads 
Table  6.1.  Tested  with  plane  steel  bulkheads 
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Table  6  Strains  on  Dow  Ceramic  Cylinder  PM  55910-0126849  SN#  6 
under  Short  Term  Pressurizations 


rsi  rvi  CO  O  O 

•nT  O  •  5^  K1 

C>>  4n  O 


*«Y<>*>^4QfOQ0^r^«-«^^iA40'O  *  * 

•  —  —  -  -  -  -  -  -  *A 


O«^K.C0«-«-^hA'00^«~^(NiK\K.O^r^ 

^^'•^•ONiC^O<M|«Ol/>'OCOO»/^  •  l/HO 

•  •  »  *  •  •-CM 


o  K  N.  <0 
K.  »o  m 
''t  ^ 


•-S^Ririr^K 

^  9  ^  O 


ojj  p  K  «o  O  o 


CM  CM  Kl 


^  st  u\  tr> 


K  *—  i/>  ^ 

>l  to  >  to  ^ 

*o  •*♦  >t  -o 


4^ 

CO 

1 

a 

0 

181 

340 

o 

i/> 

650 

CM  O 

a  8 

*— 

g 

CM 

CM 

»o 

>* 

s 

UN 

CM 

s 

li 

8 

X 

K 

*  ' 

* 

* 

'  * 

•— 

*7 

* 

( 

*7 

^  r“ 

N. 

O' 


o 

O) 

<D 

P 


41 

4^ 

C 


°  i7 

3 

CM 

fO 

N 

CM  O 
'v 

CM 

O 

o> 

'■t 

00 

m  « 
CM  CM 

CO 

CO 

?0  O'  K>  ^  O  00 
p  ^  -O  O  CQ  CM  CM 
«  CM  K  K)  00  CD 
»A  »n  nO 


7^ 


CD 

8 


I 


CD 


>0<M00K)Ol0O'OCMK<s»0'>^d^'0 
*“K»'«^'OF-0^<M-^ir»N.flOO«>  •  iTS 


5$5o'^ooS3k! 

•  •  •-  •-  CM  CM  m 


'O  N#  o  o 

•-  '.f  CM  CM 

00  I  flO 

'd  ^  < 


OCMK>OONK)i/>CMOON>fMCMmCO'OaOr> 

^?P'*?Sc2ggoOj^ooinpKO 


•-  CM  «r» 


<'9^  *0  0  O  '<f 


$ 


0‘0‘OOOf'4lAc/>l/H»-fSjK.^O'*"'«^*-fM*- 
m»-O^^-S.CMO>9O*K^'>P-«9‘00fcnN«O'OfM 
"^OCOOOM^CM^^—  iTvOs^N-lT*  '  * 


»-  •-  CM  CM  Kl 


O  -J-  K 

lA  m  tn 


o  o 

o 

o 

o 

o 

U 

o 

o 

o 

o 

o 

-J 

o 

o 

o 

o 

o 

(A 

<A 

*— 

CM 

CO 

Nt 

in 

«0 

a 

0) 

s 


O  O  p  o 

g  8  i  2 


o  o  o  o 
“  “  o  o 
o  o 


*n  i/> 


o  o  o  o 
o  o  o 

O  O  CO 

o  ro  K» 


B-77 


Test  Date;  5-1-92 


ACOUSTIC  EMISSIONS  DURING  HYDROSTATIC  TESTING 
OF  MODEL  CYLINDER  55910-0126849  SN#  06 

Pressurizations  1  and  2 


Events 

Pressurization 


Pressure 

1 

2 

0000 

0 

0 

1000 

5 

2 

2000 

21 

2 

3000 

70 

3 

4000 

115 

3 

5000 

120 

3 

6000 

123 

3 

7000 

124 

3 

8000 

127 

3 

9000 

138 

3 

10000 

139 

3 

11000 

144 

3 

12000 

145 

3 

13000 

149 

3 

13300 

179 

4 

Test  terminated  at  13,300  psi  due  to  impending  catastrophic 
failure. 


Notes;  1.  Transducer:  AET  AC175  SN#7799 

5  to  200  KHZ 


2.  Amplifier  Setting: 

Rate:  T  Gain;  60  DB 

Threshold;  Automatic 
Funct ion :  Events 


3 .  Recorder : 

Channel  "A”  Events, 

400  Full  Range, 

Channel  "B"  Rms, 

50  MV  Full  Scale, 

0.5  CM/Min  Chart  Speed 
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BORON  CARBIDE  ALUMINUM  COMPOSITE 
MODEL  SCALE  CYLINDER 
PN  55910-0126849  SN  #6 
AVERAGE  STRAINS 
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Short  Term  Pressurizations 
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Maximum  compressive  hoop  stress  at  implosion:  372,000  psi 


BORON  CfiRBIDE  ALUMINUM  COMPOSITE 
MODEL  SCALE  CYLINDER 
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IhOIVIDUAL  STRAINS 
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STRAIN.  MICRO INCHES/ INCH 
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Table  7  Strains  on  0o«  Ceramic  Cylinder  PN  55910-0126847  SN#  7 
under  Short  Term  Pressurizations 
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Short  Term  Pressurizations 
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Test  Date:  4-25-92 


ACOUSTIC  EMISSIONS  DURING  HYDROSTATIC  TESTING 
OF  MODEL  CYLINDER  DOW  PN  55910-0126847  SN#  07 


Pressurizations  l-io 

Pressure 

Events 

Time 

Notes : 

0000 

0 

9:13 

1.  Transducer:  AET  AC175 

1000 

2-2 

9:15 

SN#  7799  5  to  200  KHZ 

2000 

6-6 

9:16 

2.  Amplifer  Setting: 

3000 

10-10 

9:18 

Rate:  T 

4000 

10-10 

9:20 

Gain:  60  DB 

5000 

16-16 

9:22 

Threshold:  Automatic 

6000 

16-16 

9:25 

Function:  Events 

7000 

17-17 

9:26 

3:  Recorder: 

8000 

19-19 

9:30 

Channel  "A"  Events, 

9000 

20-21 

9:32 

4000  Full  Range 

10000 

22-22 

9:34 

Channel  "B”  Rms, 

TENTH  PRESSURE 

,  CYCLE 

50  MV  Full  Scale, 

0000 

0 

10:00 

0.5  CM/Min  Chart  Scale 

1000 

0-0 

10:01 

2000 

0-0 

10:02 

3000 

0-0 

10:03 

4000 

0-0 

10:04 

5000 

1-1 

10:05 

6000 

2-2 

10:06 

7000 

2-2 

10:07 

8000 

2-2 

10:08 

9000 

2-2 

10:09 

10000 

2-2 

10:10 

Test  terminated  after 

10  cycles  to 

10,000  psi  without  failure 
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ACOUSTIC  EMISSIONS 

DURING  HYDROSTATIC  TESTING 

OF  MODEL 

CYLINDER  55910-0126847  SN#  07 

Pressurizations  l  and 

2 

Events 

Pressurization 

Pressure 

1 

2 

0000 

0 

0 

• 

1000 

7 

4 

2000 

12 

5 

3000 

37 

5 

9 

4000 

42 

5 

5000 

52 

5 

6000 

77 

5 

7000 

79 

5 

8000 

90 

5 

9000 

92 

5 

10000 

93 

6 

11000 

98 

12000 

106 

13000 

109 

14000 

122 

14500 

126 

15000 

128 

15500 

131 

16000 

132 

16500 

139 

17000 

144 

17500 

150 

18000 

159 

18500 

163 

19000 

167 

19500 

187 

19800 

191 

Test  terminated  at  19,800  psi 

without  implosion 

Notes:  1. 

Transducer : 

AET  AC175  SN#7799 

5  to  200  KHZ 

2. 

Amplifier  Setting: 

Rate :  T 

Gain: 

60  DB 

Threshold:  Automatic 

Function:  Events 

3. 

Recorder : 

Channel  "A” 

Events 

400  Full  Range, 

Channel  ”3” 

Rms, 

50  MV  Full 

Scale, 

0.5  CM/Min 

Chart  Speed 

B-90 

20000 
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18000 
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STRAIN.  MICRO INCHES/ INCH 
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RCOUSTIC  EVENTS 


Test  Cylinder  SN#8  Type  3 
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Test  Date:  05-09-92 


ACOUSTIC  EMISSIONS  DURING  HYDROSTATIC  TESTING 
OF  MODEL  CYLINDER  DOW  PN  55910-0126849  SN#  08 


Pressurization  #  1 

Pressure 

Events 

Time 

0000 

0 

5:10 

1000 

3-3 

5:13 

2000 

5-5 

5:15 

3000 

18-20 

5:16 

4000 

21-22 

5:18 

5000 

24-24 

5:20 

6000 

24-25 

5:21 

7000 

27-29 

5:23 

8000 

63-63 

5:25 

9000 

67-69 

5:26 

10000 

75-75 

5:30 

11000 

80-90 

5:32 

12000 

130-164 

5:33 

12500 

172-172 

5:35 

13000 

175-181 

5:37 

13200 

196-196 

5:40 

13400 

196-200 

5:41 

13500 

212-215 

5:43 

Failed  at 

13,500  psig 

Notes: 

1.  Transducer:  AET  AC175 

SN#  7799  5  to  200  KHZ 

2.  Amplifier  Setting: 

Rate :  T 

Gain:  60  DB 
Threshold:  Automatic 

Function:  Events 

3 .  Recorder : 

Channel  "A”  Events , 
4000  Full  Range 
Channel  ”B"  Rms, 

50  MV  Full  Scale, 

0.5  CM/Min  Chart  Scale 
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STRAIN.  MICRO INCHES/ INCH 
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RCOUSTIC  EVENTS 


Test  Cylinder  SN#9  Type  3 
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Test  Date:  06-13-92 


ACOUSTIC  EMISSIONS  DURING  HYDROSTATIC  TESTING 
OF  MODEL  CYLINDER  DOW  PN  55910-0126849  SN#  09 

Pressurization  #  1 


Pressure 

Events 

Time 

Notes: 

0000 

0 

12:38 

1. 

Transducer: 

AET  ACi75L 

1000 

6-6 

12:42 

SN#  7808 

5  to  200  KHZ 

2000 

19-21 

12:44 

2. 

Amplifier  Setting: 

3000 

35-35 

12:46 

Rate:  T 

4000 

47-47 

12:47 

Gain:  60  DB 

5000 

49-49 

12:49 

Threshold: 

Automatic 

6000 

50-50 

12:52 

Function: 

Events 

7000 

52-52 

12:55 

Scale:  1 

800C 

54-54 

12:56 

3. 

Recorder ; 

9000 

58-58 

12:59 

Channel  "A” 

Events 

10000 

59-60 

1:00 

Full  Range 

4000 

11000 

71-71 

1:03 

Channel  "B‘ 

Rms 

12000 

71-71 

l:05 

50  MV  Full 

Scale 

13000 

71-71 

1:07 

0.5  CM/  Min 

Chart  Speed 

13500 

77-77 

1:09 

14000 

77-77 

1:10 

14500 

77-77 

1:12 

15000 

77-77 

1:15 

15500 

77-77 

1:16 

16000 

77-115 

1:20 

Failed  at  16,000  psig 
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RCQUSTIC  EVENTS 


Test  Cylinder  SN#10  Type  1 


Table  10.  Tested  with  plane  steel  bulkheads 

Table  10.1.  Tested  with  titanium  hemispherical  bulkheads 
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Table  10  Strains  on  Dow  Ceramic  Cylinder  PN  55910-0126847  SN#  10 
under  Short  Term  Pressurizations 
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Test  Date:  7-12-92 


ACOUSTIC  EMISSIONS  DURING  HYDROSTATIC  TESTING 
OF  MODEL  CYLINDER  55910-0126847  SN#  10 

Pressurizations  1  and  2 

Events 

Pressurization 

Pressure  1  2 


0000 

0 

0 

1000 

9 

0 

2000 

17 

0 

3000 

20 

0 

4000 

22 

0 

5000 

50 

0 

6000 

50 

0 

7000 

57 

0 

8000 

61 

0 

9000 

67 

0 

10000 

73 

5 

11000 

81 

15 

12000 

85 

15 

13000 

86 

15 

14000 

86 

15 

15000 

89 

15 

16000 

90 

17 

17000 

112 

35 

18000 

112 

38 

18500 

117 

38 

19000 

118 

38 

19500 

118 

38 

Test  terminated  without  failure  at  19,500  psig. 

Notes:  1.  Transducer:  AET  AC175  SN#8686 

5  to  200  KHZ 

2.  Amplifier  Setting: 

Rate:  T  Gain:  60  DB 

Threshold:  Automatic 
Function:  Events 

Scale:  1 

3.  Recorder: 

Channel  "A”  Events, 

400  Full  Range, 

Channel  "B”  Rms, 

50  MV  Full  Scale, 

0.5  CM/Min  Chart  Speed 
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BORON  CARBIDE  ALUMINUM  COMPOSITE 
MODEL  SCALE  CYLINDER 
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